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SATELLITE -MEASURED RADIATION 


G. W. Stuart 
John Jay Hopkins Laboratory for Pure and Applied Science, 
General Atomic Division of General Dynamics Corporation, San Diego, California 
(Received February 6, 1959) 


Recent satellite and rocket measurements re- 
veal! that above approximately 500 km the earth 
is surrounded by an intense belt of ionizing radi- 
ation. The origin, identity, and spectrum of these 
particles is still largely undetermined. 

It is generally accepted that the geomagnetic 
field? ~* plays a determining role in the existence 
of the radiation belt. Charged particles, whose 
Larmor radii are much smaller than the relevant 
dimensions of the system, are effectively trapped 
inthe geomagnetic field. Such trapping results 
from the adiabatic invariance of particle magnetic 
moments. The purpose of the present communi- 
cation is to point out the relevance of atomic 
charge-exchange processes to the nature of the 
radiation belt. 

Tentative analysis’ reveals a particle energy 
spectrum, sharply peaked on the low-energy 
side, which extends from approximately 10 kev 
tomany Mev. Attention herein is restricted to 
the seemingly well-inhabited, low-energy region 
from 10 to 100 kev. It has been proposed that 
the source of such particles is the solar wind,’ 
which can inject® its species into the geomagnetic 
field in the region from 2 to 6 earth radii. This 
identification follows from the velocity® of the 
solar wind, from 500 to 1500 km/sec, which yields 
proton energies, the most abundant chromospheric 
constituent, of the correct magnitude. 

Due to the somewhat fortuitous circumstance 
that the velocity of an electron in a Bohr orbit is 
also on the order of 1000 km/sec, the trapped 
lifetime of a 10- to 100-kev proton in the geomag- 
tetic field is quite short. The charge-exchange’ 
ttoss section H*-H is of the order of 10~** cm? 
through most of this range, much larger than the 


other relevant cross sections. Combination of 
this cross section with an expected ambient con- 
centration’»® of neutral H atoms of the order of 
10* cm® at 3 earth radii, yields a trapped lifetime 
against charge exchange of only 3 hours. The 
process, of course, results in an energetic neu- 
tral and a thermal ion. Similarly, at 5 to 6 earth 
radii, with a neutral H concentration of 10? cm* 
the trapped lifetime is only 10 days. 

These lifetimes should be compared to the life- 
times against the small-angle Coulomb scatter- 
ings which change the magnetic moment and allow 
penetration, and thus loss, into the lower atmos- 
phere. At 3 earth radii this lifetime‘ is of the 
order of 10? days and at 5 to 6 earth radii of the 
order of 10* days. 

The above discussion seems to argue that either 
the low-energy component of trapped radiation is 
electronic in nature, or else the source of protons 
is much more intense than had been previously 
anticipated. Furthermore, with solar wind injec- 
tion a measurable kev proton flux at the 1000-km 
level requires excessive particle drifts? across 
magnetic field lines. Protons must drift from the 
injection region above 2 earth radii to the 1000-km 
level in a few hours if competition is to be main- 
tained with the loss rate due to charge exchange. 

The electron model, combined with the solar 
wind hypothesis, requires an accelerative mech- 
anism to raise the electron energies from the ev 
to the kev range. Several such mechanisms have 
been recently proposed.*»” 





'R. Jastrow, Bull. Am. Phys. Soc. Ser. II, 4, 20 
(1959). 
?T. Gold, Nature (to be published). 











VOLUME 2, NUMBER 10 


PHYSICAL REVIEW LETTERS 


May 15, 1959 





3p. J. Kellogg, Nuovo cimento (to be published). 

4s. F. Singer, Phys. Rev. Lett. 1, 181 (1958). 

‘Eg. N. Parker, Phys. Fluids 1, 171 (1958). 

*L. Biermann, Z. Astrophys. 29, 274 (1951). 

's. K. Allison, Revs. Modern Phys. 30, 1137 (1958). 
8... Spitzer, in The Atmosphere of the Earth and 








Planets, edited by G. Kuiper (The University of Chi- 
cago Press, Chicago, 1948). 

‘E. N. Parker, Phys. Rev. Lett. 1, 422 (1958). 
y. I. Veksler, Doklady Akad. Nauk U.S.S.R. 118, 
263 (1958) (translation: Soviet Phys. Doklady 3, 84 
(1958)]. 





ENERGY -LEVEL POSITIONS OF SILVER LUMINESCENT CENTERS IN SULFIDES 


Clifford C. Klick 
United States Naval Research Laboratory, Washington, D. C. 
(Received April 17, 1959) 


A problem of basic importance in understand- 
ing the properties of sulfides is the position of 
the energy levels arising from the introduction 
of impurities. A single luminescent center in 
these materials will have electronic transitions 
with both the conduction band and the filled band 
leading to a variety of properties such as optical 
absorption, visible luminescence, thermal and 
infrared quenching of luminescence, infrared 
emission, and various types of photoconduction. 
This complexity of behavior, in contrast with that 
of the simplest semiconductors, makes it diffi - 
cult to reach unambiguous conclusions concern- 
ing the position of the energy levels. 

A model for monovalent activators, such as 
Ag* and Cut, in the sulfides was proposed by 
Schon’ and elaborated by Klasens and his co- 
workers.” This model is illustrated by level A 
in Fig. 1 and the arrow shows the luminescent 
transition involving the capture of a free elec- 
tron by a low-lying level. It was an extension 
from the spectroscopy of gases in which lumi- 
nescence occurs when a loosely bound electron 
makes a transition to a tightly bound state. This 
model is the one most widely used in the current 
literature of sulfides. 

Another model was proposed by Lambe and 
Klick® and this is illustrated by level B of Fig. 1. 
The proposed luminescent transition is shown 
by the arrow and consists of the recombination 
of an electron in the high-lying level with a free 
hole in the valence band. A detailed study was 
made by Lambe‘ of the level giving rise to 6500A 
emission in CdS with Ag activator and the con- 
clusion was that a level of type B was involved. 
This identification basically rests on two experi- 
ments. One is the direction of rectification of a 
point contact rectifier when photoconduction is 
excited by light of a specific infrared wavelength. 
The direction of rectification depends, of course, 
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on whether the moving charge is due to free elec- 


trons or free holes and this in turn specifies 
whether the level is of type A or B in Fig. 1. Th 
second indentification—which is also the one used 
in the work to be reported below —involves the 
properties of the “quenching center” in CdS la- 
belled Q in Fig. 1. It has long been known’™ that 
irradiation in this center with light of 10 000 A, 
for instance, quenches the photoconductivity of 
CdS which is known to be due almost exclusively 
to motion of free electrons. As a result, the 
quenching transition of center Q is agreed to be 
that shown in Fig. 1: free holes are produced. 

If electrons are in levels A and B, then the pro- 
duction of free holes will not lead to emission in 
the visible from level A but will give rise to e- 
mission from level B, as is observed for the 
6500A emission in CdS:Ag. 

A detailed investigation by van Gool?® of the 
properties of CdS:Ag showed that this material 
also had an emission peak at 7200 A in addition 
to the one at 6500 A. Furthermore, by following 
the emission peaks as solid solutions were made 
going from CdS:Ag to ZnS:Ag, he was able to 
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FIG. 1. Schematic energy level scheme for impuri- 
ties in the sulfides. Level A is the type proposed by 
Schon and Klasens; level B is that proposed by Lambe 
and Klick. The arrows show the electronic transition 
giving rise to luminescence. Level Q is the quenching 
center and the arrow shows the electronic transition 
it which gives rise to free holes. 
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identify the 6500A peak in CdS:Ag with a weak 
3900A peak in ZnS:Ag, and the 7200A peak in 
cdS:Ag with the normal 4500A peak in ZnS:Ag. 
Thus van Gool pointed out that no conclusions 
about the normal ZnS:Ag luminescent center 
could be inferred from the work of Lambe and 
Klick since it was concerned with a different 
luminescent center. 

There are several other experimental and theo- 
retical investigations which bear on this matter. 
Halsted’° illuminated one side of an electro- 
luminescent cell containing various sulfides at 
room temperature, applied an alternating voltage 
to the cell, and observed the phase of the lumines- 
cence with respect to the voltage. He found that 
luminescence occurred when electrons were 
swept back to the illuminated surface and con- 
cluded that levels of type A were involved. 
However, if levels of type B were involved, an 
electron would not be thermally stable in the 
center at room temperature and would follow the 
electric field. Thus both models would be ex- 
pected to yield Halsted’s results at room temp- 
erature. Low-temperature measurements should 
remove this ambiguity. In unpublished work, 
Lambe has conducted similar experiments at 77°K 
and found a decrease in the effect by more than 
an order of magnitude from the room-temperature 
value. These latter results would seem to be in 
agreement with Model B. 

In recent work, Birman” finds that polarization 
of a variety of kinds of luminescence in ZnS and 
CdS measured by Lempicki™ is consistent with 
the model of Lambe and Klick. Birman and 
Lempicki do not look upon their results, however, 
as final confirmation of the model. 

The experiment to be described here consists 
simply in irradiating CdS:Ag in the quenching 
band and observing whether the 7200A band is 
stimulated or not. If it is stimulated, as the 
6500A band is, then the argument is strong that 
both emissions arise from levels of type B. A 
CdS sample containing 10-* mole fraction of Ag 
and 9x10~* mole fraction of Ga was prepared. 

Its emission spectrum is shown in Fig. 2, where 
numbers of emitted quanta are plotted as a func- 
tion of the photon energy. Two detectors were 
used and their response to the emission spectrum 
is also given in Fig. 2. Detector No. 1, which 
responded primarily to the 6500A emission, con- 
sisted of an RCA 6199 photomultiplier tube; de- 
tector No. 2, which detected primarily 7200A 
emission, consisted of an RCA 7102 photomulti- 
Plier tube, a Corning 9830 filter and a Baird in- 
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FIG. 2. The emission spectrum of the CdS:Ag phos - 
phor investigated here plotted as relative number of 
emitted quanta versus the photon energy in electron 
volts. The dashed curves show the response on arbi- 
trary scales of two detectors, described in the text, to 
this emission. 


terference filter peaking at 7260 A. The phosphor 
was cooled to 77°K and irradiated with 3650A 
light which is well within the fundamental absorp- 
tion band. This procedure places electrons in 
some of the activator levels. The exciting light 
was then removed and the sample was subsequently 
illuminated with light of about 10 000 A produced 
by filtering an incandescent tungsten lamp through 
Corning 2600, Corning 2540, Polaroid XRX10, 
and Polaroid XRX20 filters. A light pulse was ob- 
served to rise rapidly to a maximum and then 
decay to zero in approximately half a minute. In 
successive experiments the light pulse was meas- 
ured with each of the two detectors. The time 
interval between the 3650A exciting light and the 
10 000A stimulating light was varied from 10 
seconds to 30 minutes. For the largest interval, 
the light pulse produced was about one half that 
occurring for the shortest interval. 

If the emission spectrum produced by the 
10 000A stimulation is the same as that of Fig. 2 
(which was measured upon irradiation in the 
fundamental absorption band), then the ratio of 
the light pulses for the two detectors may be 
predicted from their calibrations. This predic- 
tion agreed with the observed ratio to within 10%. 
On the other hand, if the 7200A band had not been 
stimulated by irradiation in the quenching band, 
the response of detector No. 2 due to overlap of 
the 6500A emission would have been reduced by 
a factor of at least 20 from that which is actually 
observed. It seems clear that the 7200A band is 


419 








VOLUME 2, NuMBER 10 


PHYSICAL REVIEW LETTERS 


May 15, 1959 








stimulated by the production of free holes and 
corresponds to a level of type B. 

One may infer then that both levels introduced 
into CdS by the incorporation of Ag lie close to 
the conduction band. Furthermore, the work of 
van Gool shows that both emission bands change 


wavelength smoothly and continuously as the base 


lattice is varied in solid solutions going from 
CdS to ZnS. This could scarcely be the case if 
the Ag levels were to change from type B to type 
A as the solid solution was varied. As a result, 
it appears that both the 3900A emission band 
and the usual 4500A emission band in ZnS:Ag 
also arise from high-lying levels. In summary, 
then, there is strong evidence that all the emit- 
ting levels in CdS:Ag and ZnS:Ag are of the type 
proposed by Lambe and Klick. 

It is tempting to extend these arguments to the 
case of Cu in sulfides. The similarity of the 
chemical properties of Ag and Cu and of their 
emission spectra in the sulfides has led toa 


general acceptance of the similarity of the energy 


levels introduced by these materials. Also, the 
polarization experiments of Birman and Lem- 

picki, as well as those of Halsted and Lambe on 
electroluminescence, included Cu-activated sul- 


fides. All of this evidence would suggest a gen- 
eral tendency toward levels of the type proposed 
by Lambe and Klick. However, the complexity 
of the Cu emission spectra as a function of con- 
centration and the central role occupied by Cu 
in electroluminescence point to the desirability 
of having further specific experiments for this 
case. 
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TWO-STAGE OPTICAL EXCITATION IN SULFIDE PHOSPHORS 


R. E. Halsted, E. F. Apple, and J. S. Prener 
General Electric Research Laboratory, Schenectady, New York 
(Received April 7, 1959; revised manuscript received April 30, 1959) 


The energy absorption and emission processes 


identified with acceptor impurities such as Cu, 


Au, and Ag in ZnS-type materials have generally 


been attributed to electron transitions between 
the ground state of a luminescent center and ex- 
cited states near or in the conduction band. Re- 
cently, however, optical evidence has indicated 
that states introduced by the same impurities 


participate in transitions involving energy levels 


near or in the valence band.’ The observation 
of these latter transitions has been advanced as 
a means of identifying and investigating p-type 

ZnS.' The high resistivity of such samples has 


complicated confirmation of this picture by elec- 


trical measurements.* This Letter reports op- 
tical evidence that clearly demonstrates (1) the 
existence of both classes of transitions, and (2) 
the existence of impurity levels common to both 


classes. Specifically, photons of band gap energy, 
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i.e., “edge emission, ” can be continuously gen- 
erated in sulfide phosphors by photons with less 
than band gap energy. This behavior has been 
observed in both ZnS and CdS phosphor powders 
at 80°K. Some results on a CdS sample are de- 
scribed below. 

Luminescent grade CdS (General Electric Com- 
pany) containing no added impurities was fired 
in a sealed silica tube under approximately 26 
atmospheres S, pressure at 900°C for one hour. 
The silica tube was cooled rapidly to room tem- 
perature in silicone oil and its contents utilized 
for the following results. For the data of Fig. 1, 
approximately 0.10 watt/cm? excitation energy 
was isolated by two Corning No. 2600 filters 
from a tungsten filament lamp. A 5-cm optical 
path of CuSO, solution (100 grams CuSO,- 5H,0 
per liter of distilled water) was introduced be- 
tween the sample and monochromator entrance 
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FIG. 1. Radiation emitted and reflected at 80°K by 
CdS (fired under 26 atmospheres S, pressure at 900°C) 
and by ZnS from an infrared excitation source. 


slit to minimize interference from internally 
scattered long-wavelength radiation. The emis- 
sion spectrum of the sample for energies greater 
than 2.1 ev is shown. Also presented is the spec- 
trum of radiation diffusely reflected from the ex- 
citation source by a pure ZnS powder in the 

sample position. The radiation diffusely reflected 
from a plaque of nonabsorbing powder has the 
same angular distribution as emission from such 
asurface. Therefore the absence of stray 
high-energy source radiation which could excite 
the CdS edge emission is clearly demonstrated. 
Infrared emission bands peaking at 1.1, 0.75, 

and 0.66 ev were also produced by this excitation. 
The green emission increased as the 1.6 power, 
the 0.75- and 0.66-ev infrared as the first power 
of the excitation intensity. 

A value of 0.005 was obtained for the efficiency 
of converting excitation photons, incident from 
the described source, to observable edge emis- 
sion photons. This was derived from the relative 
photon content of the emission and the diffusely 
reflected excitation radiation. The high reflect- 
ance of the CdS sample for radiation in the ex- 
citation region as shown in Fig. 1 indicates an 
internal efficiency in excess of 0.05 for the gen- 
eration of edge emission photons from absorbed 
incident photons. 


The high sulfur pressure firing treatment has 
previously been found to yield ZnS:Cu and CdS:Cu 
phosphors in which a structured infrared emission 
band is readily generated by long-wavelength ex- 
citation.‘ This and related behavior has been in-. 
terpreted as resulting from transitions between 
the valence band and Cu impurity levels normally 
occupied by holes.’ "“ne existence of optical tran- 
sitions terminating in the valence band is clearly 
demonstrated by the present results. The pro- 
duction of 2.4-ev photons at 80°K in CdS by photons 
not exceeding 1.75 ev in energy requires a two- 
stage excitation process with transitions termi- 
nating in both valence and conduction bands. The 
previously cited dependence on excitation intensity 
supports this fact. For a continuous process an 
impurity configuration common to both transitions 
is required. The excitation and infrared emission 
characteristics are consistent with the impurity 
level position previously attributed to Cu. The 
observation that this behavior is favored in p-type 
sulfide samples is understandable in terms of a 
short relaxation time for transitions from the 
valence band. 

The results further provide an excitation mech- 
anism for such phenomena as photoconductivity 
generated by radiative energy transfer in CdS° 
and the photovoltaic effect in CdS produced by 
photons of less than band gap energy.® They also 
provide a mechanism whereby the production of 
many infrared photons can be controlled by a few 
photons of higher energy.’’” 
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EFFECT OF NUCLEAR ELECTRIC DIPOLE MOMENTS ON NUCLEAR SPIN 
RELAXATION IN GASES * 


P. A. Franken and H. S. Boyne 
Physics Department, The University of Michigan, Ann Arbor, Michigan 
(Received April 16, 1959) 


There has been much recent effort applied to 
the problem of particle and nuclear electric di- 
pole moments (EDM). It is now known’ that the 
electron EDM is less than 2x10~‘u,, where 
is the Bohr magneton eft /2mc =e(1.8x10-" cm). 
The neutron’ is known to have an EDM of less 
than 5x10-°y,., where py is the nuclear mag- 
neton eh /2Mc = (1/1836) u,=e x10-* cm. The 
situation for other particles is much less satis- 
fying. The proton is know to have an EDM less 
than ~10u,,, as evaluated from the Lamb shift.* 
Very little is known about nuclear electric di- 
pole moments. 

It is the purpose of this Letter to demonstrate 
that the nuclear spin relaxation times of pure 
gases at high pressures can be very sensitive to 
nuclear electric dipole moments.* We shall de- 
scribe the analysis for noble gases and apply it 
to the experimental data available for He*® and 
Xe!?9, 


Consider a gas of pure He® at Kelvin temperature 


T. Let us assume that the He* nucleus has an 


EDM equal to Kun, where K is dimensionless for 


Gaussian units. The electric dipole-dipole inter- 
action is responsible for a negligible contribution 
to the nuclear spin relaxation time providing the 


electric dipole moment is of order one y Nor less.° 
The predominant EDM relaxation effect arises from 


the strong electric field the nucleus experiences 
during a collision. This electric field must be 
felt by the nucleus, despite electronic shielding 
factors, because the nuclear velocity is changed 
in the collision. 

Consider a collision between two He* atoms. 
Rectangular coordinates are situated such that 


the z axis is collinear with an applied homogeneous 


magnetic field. Let us assume that the helium 
nucleus we wish to study has its spin along the 
magnetic field. During the collision this nucleus 
will suffer an acceleration (Vy, Vy, Vz). It must 
therefore experience an electric field (M /Ze) 


x(Vx, Vy, v,), where M is the nuclear mass and 


Ze the nuclear charge. The x and y components 
of this field can produce a spin flip, assuming 
the nucleus possesses an EDM. The collision 
time is very small compared with the period of 
nuclear precession in the magnetic field and the 
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transition probability p is much less than unity. 
We find 


p =4M*uy?K? [(AVx) + (AVy)? Ze), (1) 


where AV, and AV, are the changes in the x 
and y components of velocity. The EDM has 
been taken to be Ky.y, and the units are 
Gaussian. 

An important feature of Eq. (1) is that the 
transition probability depends only upon the 
difference between the initial and final veloc- 
ities. In order to calculate the spin relaxation 
time T,, we shall require the average value 
of the transition probability per collision, 5, 
in terms of which the spin relaxation time 7, 
is given by 


T, =1/(2Np) 


where T, is in seconds and N is the number 

of collisions per second per atom. We shall 
assume that the scattering is isotropic and e- 
lastic, which assumption permits a ready com- 
putation of p. We then obtain for T,: 


T, =[Zen)* (6M]-”* [81K%uy?D*n]* [kT], 0) 


where n=density in number of atoms/cm* 

and D is the hard-sphere helium diameter. If 
we take D=2.5x10-* cm and assume that the 
ideal gas law is obeyed, we can rewrite Eq. (2) 
in convenient form for He’: 


K*(He*) =357-“*[T,P]"', (3) 
where P is the gas pressure in atmospheres, T 
is in °K, 7, is in seconds, and K is the EDM in 
units of the nuclear magneton. 


Romer and Fairbank® have found T, to be ~10° 
seconds for He® at ~ one atmosphere and 4°K. 


From Eq. (3), we conclude that EDM(He’*) < 0.13, 


Garwin and Reich’ report a measurement for 
T, of 80 seconds at 70 atmospheres and 4°K. 
From Eq. (3) we conclude that EDM(He*) < 0.06, 
[The ideal gas law assumed in Eq. (3) does not 
obtain for this case, but it should be noted that 
the departure from ideality is in such a direction 
as to provide an even smaller upper limit for the 
EDM]. 

It is quite possible that the reported relaxation 
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times are artificially short, in the sense that 

they could be due primarily to paramagnetic im- 
purities in the sample and on the walls of the sys- 
tems. If this is so, smaller limits might ulti- 
mately be placed on the He* EDM. 

It should be noted that the relaxation time at 
constant pressure produced by magnetic dipole- 
dipole effects should go roughly as T**? as com- 
pared with T~”? for the electric dipole effects. 
Thus, measurements at 300°C should provide an 
order or two of magnitude more sensitivity to the 
EDM. 

The analysis discussed in this Letter can be 
applied to Xe’*®, although the data here are not 
very precise. Brun, Oeser, Staub, and Telschow® 
report a T, measurement of 10° seconds for room 
temperature xenon gas at 50 atmospheres and a 
density 1.6 that predicted by the ideal gas law. 
Equation (2) yields 


EDM(Xe™*) < 0.04). 


The analysis might also be applied with fair 
approximation to polyatomic gases such as H, 
but the relaxation time is greatly reduced by in- 
teractions other than magnetic dipole-dipole. Thus 
the upper limits one can obtain for nuclear EDM 
with these gases are rather large, in the range 
of afew nuclear magnetons. 


We wish to thank Professor K. M. Case, Dr. G. 
Feinberg, Dr. R. Nelson, and Professor R. Sands 
for many helpful discussions. 
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ASTRONOMICAL TESTS OF THE EXISTENCE OF Litt 


Hubert Reeves 
Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 
(Received April 20, 1959) 


Five years ago, the possible existence of the 
nuclear species’ Li* was announced; an unstable 
isotope, decaying with a half-life of 0.4 sec, was 
detected, and there was reason to believe that 
this isotope could be Li*. Because it seems that 
such an unlikely aggregate of nucleons (3 protons, 
Il neutron) could not stay together long enough to 
decay by beta emission, the conclusion was 
drawn with judicious reserve. 

This Letter has nothing to add for or against 
this unlikely nuclear species. But if the conclu- 
sion that Lit exists were correct, it would have 
important astrophysical implications; the whole 
theory of energy generation in stars might have 
to be modified. 

Indeed, instead of the familiar proton-proton 
(b-p) cycle, one would have the following set of 


reactions: 
H}(H',e*v)H?(H', y)He*(H', y)Lit(e*v)He*. 


The usual (p-p) cycle begins with the same two 
first steps, but involves He*(He*,pp)He* or 
He*(He*,y)Be’” instead of He*(H’,y)Li*. Because of 
the lower Coulomb barrier, the new third step is 
expected to be very much faster than either of 
the two former ones. 

The Q value of the Li*(e*v)He* is estimated to 
be about 20 Mev. On the average, the electron 
and the neutrino each take half of this energy. 

In consequence, more than 40% of the energy 
released in the over-all nuclear process (4p ~ He*) 
would be lost as far as stellar core heating is 
concerned, Existing solar models would have to 
be revised, and higher temperatures assigned 
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to the core, to make up for this loss. 

This would also imply the existence around us 
of a large flux of high-energy neutrinos (about 
10": neutrinos/cm’ sec at the earth, with a mean 


energy near 10 Mev). Any measurements compe- 
tent to detect the solar neutrino flux such as those 
carried on at the present time by Raymond Davis’ 


at Savannah River would detect these neutrinos 
easily. The Li* neutrinos would produce in the 
detector a counting rate at least a hundred times 
larger than that expected from the normal p-p 
cycle (mainly from the decay of B®). 


The absence of such a flux would constitute a 
strong case against the existence of Li* 

I want to thank Professor Philip Morrison for 
many enlightening discussions. 





Tsupported in part by the joint program of the Office 
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mission. 

1H, Tyrén and P.-A. Tove, Phys. Rev. 96, 773 (1954), 

*R. Davis, Jr., and D. S, Harmer, Bull. Am. Phys, 
Soc. Ser. II, 4, 217 (1959); R. Davis, Jr., Proc 
of the First UNESCO International Conference, Paris, 
1957 (Pergamon Press, London, 1958), Vol. 1, p. 728, 








POSSIBLE EFFECTS OF NUCLEAR SHELL CLOSURES ON NEUTRON STRENGTH FUNCTIONS 


A. M. Lane, J. E. Lynn, E. Melkonian,” and E. R. Rae 
Atomic Energy Research Establishment, Harwell, Berks, England 
(Received April 16, 1959) 


Figure 1 shows a plot against mass number A 
of observed strength functions from low-energy 
(s-wave) neutron studies. The curves are theo- 
retical ones obtained from complex potential 


models. For curve 3 the potential has been taken 
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FIG. 1. The figure shows a collection of the most 
recently available data on neutron strength functions. 
It includes data plotted by Hughes, Zimmerman, and 
Chrien [Phys. Rev. Lett. 1, 461 (1958)] as well as 
additional data from Coté, Bollinger, and LeBlanc 
[Phys. Rev. 111, 288 (1958)] and Firk, Lynn, and 
Moxon (to be published). Curve 1 is the prediction of 
the strong-coupling model; curve 2 is that of an optical 
potential of Saxon-Woods shape [Feshbach, Porter, 
and Campbell (unpublished) quoted by V. F. Weisskopf, 
Physica 18, 952 (1956)]; curve 3 is that of an optical 
potential deformed in accordance with E2 data on in- 
dividual nuclei [Chase, Wilets, and Edmonds, Phys. 
Rev. 110, 1080 (1958)]. 
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to be nonspherical to a degree indicated by E2 
data on individual nuclei. For curves 2 and 3 
the potential is diffuse-edged, and the real and 
imaginary parts, V and W, have the same spatial 
distribution and their magnitudes are independent 
of N or Z, the neutron and proton numbers. 

The theoretical curve fits the observed values 
fairly well for most A, but there is pronounced 
disagreement in the region 90 <A<130 where the 
curve is too high by up to an order of magnitude. 
The purpose of this Letter is to point out that 
the disagreement may be due to fluctuations in 
both the shape and size of W when N and Z are 
near the magic number 50. 

It seems to be established’ that the real poten- 
tial V contains a term proportional to (N -Z)/A. 


W is expected to have not only this smooth depent- 


ence on N and Z, but also a sharp dependence on 
N and Z near magic numbers. One can appreciate 
this by considering the hypothetical case of a 
doubly magic nucleus in which the energy gap in 
the single-particle spectrum is greater than half 
the nucleon binding energy. Suppose that an ex- 
tra nucleon is present in an orbit of zero energy. 
All other states of the system allowed by the 
Pauli principle occur at higher total energies. 
This means that all energy-exchanging collisions 
of the extra nucleon with the closed shell nucleons 
are forbidden, so there is no absorption. This 
extreme case (which is almost realized in 0", 
Ca®, and Pb**) suggests that the absorption 
potential W should have anomalously small values 
near closed shells. For a quantitative treatment 
of the effect, one may use the following formula 
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for W that has been derived by several authors’: 


Weep lr) = (QV Yep (1)? ] avPey- 


g, are states of the target particles i, g is the 
ground state, u, are states of the extra nucleon, 
y is the nucleon-nucleus interaction )); v(r -r;), 
the integration is over target particles, [ ] ay 
denotes average over product states Gl of 
angular momentum / near energy E, ont Pry is 
the density of such states. For N near 50 and 
znonmagic, and an extra neutron, one expects 
pg to have less than half the normal value. 
Provided that the matrix elements do not vary 
ina reciprocal fashion (and there is no reason 
to expect such perverse behavior), W will be less 
inproportion. Since the neutron orbit completing 
y=50 is a g-orbit, W(7) is expected to be some- 
what peaked at the nuclear surface. For Z near 
50, and N nonmagic, p l should have about half 
the usual value. There will also be surface peak- 
ing especially if neutrons have begun to fill the 
h-orbit. 

To discuss the effect of such changes in W on 
the strength function, s, one may use® 


s~{W(r)|u(r) Par, 


where u(y) is the nucleon wave-function in the 
complex potential. Between single-particle levels 
(.e., near A~100 for s-waves), not only is s de- 


creased by the reduction in W, but it is further 
decreased if W is surface-peaked since u(r) has 
a surface node. These two facts may thus ex- 
plain the discrepancy in the observed values of 

s near N,Z =50. Near the center of a single- 
particle level, |u(r)|?~W? and s~W™, sos is 
increased by a reduction in W. This leads one to 
expect an especially large p-wave strength func- 
tion near A ~90 and may help to explain why the 
capture cross section at 50 kev is so large in Nb.* 
One also expects a large s-wave strength func- 
tion near A ~50 caused by a reduction in W due to 
magic number 28, and there is some weak evi- 
dence for this. Furthermore the observed® dimi- 
nution in the width of the photonuclear peak near 
closed shells may be associated with a reduction 
in W. 





‘On leave of absence from Columbia University. 

‘A. E. S. Green and P. C. Sood, Phys. Rev. 111, 
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7J. M. C. Scott, Phil. Mag. 45, 1322 (1954); C. Bloch, 
Nuclear Phys. 3, 137 (1957); G. E. Brown and C. de 
Dominicis, Ann. Phys, (to be published). 

3c. E. Porter, Phys. Rev. 100, 935 (1955). 

‘J. H. Gibbons (private communication). 

5R. Nathans and J. Halpern, Phys. Rev. 92, 207 
(1953). 





POSSIBLE RESONANT STATE IN PION-HYPERON SCATTERING* 


R. H. Dalitz and S. F. Tuan 
Enrico Fermi Institute for Nuclear Studies and Department of Physics, 
University of Chicago, Chicago, Illinois 
(Received April 27, 1959) 


With charge independence, it is convenient to 
describe the s-wave scattering processes of low- 
energy K -proton collisions by two complex scat- 
tering lengths A, and A,, one each for the /=0 
ad /=1 channels, related to the complex phase 
shifts 57 by 


keot6,=1/A;(k), (1) 


vere k denotes the center-of-mass momentum 
ifthe K” -p system. Since the K~ -p interaction 
sexpected to have short range (~h/m,c), Jack- 
sn et al.’ have suggested that it is reasonable 

‘o neglect? the energy dependence of these ampli- 
des for c.m. energies below ~50 Mev. On this 
sis, an analysis® of the K~ -p interaction data 
wallable from bubble-chamber investigations at 


low energies* has led to the following four solu- 
tions® for these amplitudes A, and A,: 


A, = (0.20 +0.784) f, A, =(1.62 +0.393) f, 
A, = (1.88 +0.824) f, A, =(0.40 +0.41%) f, 


(a+) 


(b+) 


and the sets (a-), (b-) obtained from (a+), (b+) 

by reversing the signs of the real parts of both 
A, and A,. As Jackson and Wyld® have recently 
pointed out, the “repulsive” interactions, that is 
amplitudes of the type (a-) and (b-), predict the 
lower elastic scattering cross sections at very 
low energies, owing to their destructive inter - 
ference with the Coulomb scattering, and are in 
accord with the trend found for the cross sections 
at the lowest energies in emulsion studies.” It 
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will be pointed out here that this situation makes 
it quite probable that there should exist a reson- 
ant state for pion-hyperon scattering at an en- 
ergy of about 20 Mev below the K™ -p (c.m.) thres- 
hold energy. In the present discussion, charge- 
dependent refinements due to the Coulomb inter - 
action and the K~ -K° mass difference will be 
neglected. 

With Eq. (1), the K-N scattering amplitude for 
the s-wave of isotopic spin / takes the form 


(KN|T|KN) =(a,+b))/{l -ik(a;+ibp}, (2) 


where a,+ib; =A, and the total c.m. energy E 
equals (m,+my)(1 +k? /2mpymy). In the neighbor - 
hood of the threshold E, =Mp+mK; expression (2) 
may be analytically continued as a function of E 
from the real axis E >E, into the upper half of 

the complex E-plane and thus onto the real axis 
E<E,. Ifa 1 is large and negative, expression 

(2) has a pole P in this neighborhood, corre- 
sponding to k=-i/(a;+ib;). This pole lies close 
to the real axis E<E,, but on the (unphysical) 
lower half-plane reached by analytic continuation 
from the upper half-plane across the cut which 
must exist between E =E, =m, +m, and the 7-2 
threshold E =my +m,. With solution (a-), this 
particular pole occurs in the T =1 amplitude; 

with solution (b-), it occurs in the T =0 amplitude. 
As pointed out earlier,® this pole leads to a res- 
onance-like energy dependence of Im(Kp|TI|K p) 
in the unphysical region E <E, of interest for 
K-meson dispersion relations, with peak at c.m. 
momentum ik =a Ha? +b/). The effect of this 
pole on the pion-hyperon scattering in this energy 
region has now been investigated. For simplicity, 
our remarks here will be confined to the T =0 
state [relevant for the amplitude (b-)], since this 
concerns only the 7-2 system. For the T=1 
state [relevant for the amplitude (a-)], the situ- 
ation is quite similar, although complicated by 
the participation of both 7 - A and 7 -= systems 
in general. 

The amplitude for 7-2 scattering is related to 
the K -p amplitude through the unitarity condi- 
tion. This relationship may be made explicit by 
expressing each in terms of the K-matrix.® For 
T =0 and E>E,, the K-matrix has three real 
elements,® a =(KNIKIKN), 8=(KNIK\|n=), and 
y=(n=Z|K\in=). The amplitude A(k) is expressible 
in terms of these parameters as follows: 


A(k) =a +ib =-a +i(q/E)p* /{1+i(qg/E)y}, (3) 


where g denotes the c.m. momentum of the 7 - = 
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system at energy E. For s-wave interactions" 
the assumption that a, 8, and y are energy ing. 
pendent is appropriate in the neighborhood of 

E=E,. This is equivalent to the zero-range ap- 


proximation of Jackson et al.,’ i.e., to the assur] 


tion of a constant amplitude A, provided the yay. 
iation of g/E is also neglected, a reasonable 
approximation sufficiently close to E =E,. After 
identifying A with the expression (3) at E =£,, jt 
is convenient to choose for the remaining paran. 
eter the 1 - scattering phase shift o, at this 
threshold energy. The 1-2 scattering phase 
shift o> at energy E is then given by 


1 +ikaA (-a-btano,) 
1+ikd (-a+bcoto,)’ 


q m 
oo 3*5 coto, 


0 





(4 


where q, corresponds to the threshold energy 
E,, and A=E,/E will henceforth be replaced by 
unity. 

For comparison with the expression (2), the 
further approximation (¢/q,)~1 leads from Eq, 
to the following expression for the 7m - = scatter- 
ing amplitude, 


(1 -ika)sino, +ikbcoso, io, . 
1 -ik(a + ib) vii 





(r= IT InZz)= 


This expression (5) also has a pole at k = -i/(ail 
The expressions which correspond to (3) and (5) 
without these approximations similarly havea 
complex pole in common. 

To indicate the energy dependence of os for 
E<E,, Eq. (4) may be written” 


(q/4p)*! ™ leota 5 =cot(a, - 4), (6 


where @ is the angle 


“i “i 
eemnchety aula 


shown in Fig. 1. When a is large and negative, 
the pole P lies close to (and to the left of) the 

positive imaginary k-axis. As k runs from 0 
the imaginary axis past P, the angle 6 increases 
rapidly from zero to large values (at most 180’, 
If b/a<<1 and -90°<o, <0° (or 90° <a, < 180’), 
then os will definitely pass through + 90° betw 

energies E, and E,[{1 - 1/(2a*mymx)), an energy 
range over which the zero-range approximatio 
appears well justified. However, the energy 
which o,, =+90° does not generally coincide wit 
the peak of Im(KN|T|KN); in fact, if o, is pos’ 
tive and a little below 90°, it is quite possible 











that o> does not take the value + 90° within the 
energy range for which the zero-range approx” 
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FIG. 1. The location of pole P on the complex k-plane. 


mation is reasonable. 

In Fig. 2, cross sections for T =0 nm -= elastic 
scattering are plotted for solution (b-) as func- 
tion of o,. As expected from general theorems,” 
these cross sections show prominent S-shaped 
or pointed cusps at the K” -p threshold. For 
-90°< 0, (mod 180°) <0°, quite a narrow resonance 
(half-width <20 Mev) appears in these cross sec- 
tions just below this threshold. We may make 
the following remarks: 

(i) The resonance will be still more pronounced 
ifthe K-meson is scalar. In this case, the reso- 
nant scattering takes place ina ps state, for 





ring Cross section (mb ) 


w- = Elastic Scatte 
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FIG. 2. The total cross section predicted for T=0 
t-= elastic s-wave scattering is plotted as function of 
t-Zc.m. energy in the neighborhood of the K~ -p thres- 
hold for various values of 0), the x- = scattering phase 
shift at this threshold energy, assuming the K meson 
tobe pseudoscalar. Curve (a) depicts the energy de- 
pendence of the T=0 7- = elastic scattering in the p} 
state, for the case 0)=0°, assuming the K meson to be 
scalar, 


which the cross section must vanish at the pion- 
hyperon threshold, and so falls off more rapidly 
than for an si state as E decreases below the 
resonant energy. This is illustrated for the case 
go, =0° by curve (a) of Fig. 2. ; 

(ii) The T =1 resonances obtained for solution 
(a-), which gives the more satisfactory K -p 
elastic cross sections at low energies,® will be 
sharper than those for solution (b-) and will 
persist for a wider range of o,, since the ratio 
b, /a, for the former solution is smaller than 
b, /a, for the latter. 

That the K-baryon couplings contribute in an 
important way to the features of pion-hyperon 
elastic scattering must be emphasized here, 
since a number of authors?” have attempted to 
discuss pion-hyperon scattering in terms of ele- 
mentary pion-hyperon couplings alone. However, 
it is clear from Fig. 2 that the K +p~2+7m re- 
actions, which are due to the K-baryon couplings, 
have a strong effect on the 7 -*> scattering near 
the K” -p threshold. A perturbation treatment 
of the effect of the K-baryon coupling on the 
pion-hyperon scattering is a very poor approxi- 
mation. Similarly, the 7 -£ resonance discussed 
here arises primarily from the K-interactions, 
being a consequence of the properties of low- 
energy K-N scattering; it therefore appears 
unrelated with the pion-hyperon resonances in- 
vestigated recently by Landovitz and Margolis, ” 
and Nauenberg” for particular pion-hyperon 
coupling schemes. 

The existence and isotopic-spin character of 
this resonance will have to be established in- 
directly, for example: 

(a) By examining the correlations between out- 
going pions and hyperons in strange particle re- 
actions. For example, in the reactions 


ct+aten’, 


- (8a) 
- aah +n*4n7, 


(8b) 


the pion-hyperon Q-values may be expected to 
peak markedly at this resonance energy. A 
peak in the 7 - A Q-values could occur only if 
I=1 held for the resonant state. Other examples 
are 


. Dt +n*+K®, (9a) 
alle iat a. +K*, (9b) 
at+p—~ Dt4+n° +K*. (10) 


Only an J=1 (or /=2) 1 -£ resonance’ can pro- 
duce strong 7 -= correlations in reactions (9b) 
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and (10), whereas either /=0 or /=1 (as well as 
1 =2) resonances can contribute to (9a). 

(b) By the study of inelastic hyperon-nucleon 
scattering Y+p-Y+2+p, following the extra- 
polation procedures discussed recently by Chew 
and Low,'* which allow determination of 7° - A 
and 7° -=* (as well as 7° - =~) cross sections 
from observations on the recoil protons. 

(c) The distribution of 7 - = Q-values in the 
capture reactions 


(11a) 
(11b) 


Dt+nF en, 


x +n° +p, 


may be substantially affected*® by a 7 -= reso- 
nance just below E, since the final 1-2 systems 
of these reactions have c.m. energy below E,, 
owing to the deuteron binding energy and the neu- 
tron recoil energy. As discussed by Karplus and 
Rodberg,** however, this situation is complicated 
by the strong = -N and 7 -N interactions in the 
final state. 

A detailed discussion of the derivation of the 
expressions quoted in this Letter is at present 
in preparation. 


K+a-| 





* 

Work carried out under the auspices of the U. S. 
Atomic Energy Commission. 

‘Jackson, Ravenhall and Wyld, Nuovo cimento 9, 834 
(1958). 

*The suggestion of P. T. Matthews and A. Salam 
[Phys. Rev. Lett. 2, 226 (1959)] that the K -p system 
has a resonant state at €,~15 Mev c.m. kinetic energy 
is equivalent to replacing this assumption by k coté 


= |A(h)) “= (A(o)]"! + SRR, where A(0)=(Ix¢/k)(- €y-iT,)! 


and R= (k/T RM 1/ +1/mx) are constant. If the A(k) 


determined in reference 2 for k=113 Mev/c are correct, 


a resonance is possible in the low-energy region only 
if the effective range R is taken unreasonably large 

(= 7/my) relative to 1/my. Also the resonance must 
be very broad (I;,-+T, = 120 Mev at energy €,). There 
is nothing omedine in the present data to support this 
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resonance proposal; in fact, the smallness of the charge. 


exchange /elastic-scattering ratio (see reference 4) at 
~ 40-Mev laboratory energy conflicts sharply with the 
notion of a dominant isotopic-spin resonance. As 
pointed out in reference 6, the simpler assumption of 
constant A; is not in conflict with the existing data. 
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1~/n* RATIO FROM DEUTERIUM IN PHOTOPRODUCTION AT 500-1000 Mev 


* 


G. Neugebauer, W. D. Wales, and R. L. Walker 
California Institute of Technology, Pasadena, California 
(Received April 27, 1959) 


The ratio of charged pions photoproduced from 
deuterium has been studied using the brems- 
strahlung photon beam from the electron synchro- 
tron at the California Institute of Technology. The 
ratio of yields of negative and positive pions gives 
directly the ratio of the cross sections of the two 
processes, y+P=n+m*, and y+n=p+n , assum- 
ing deuteron structure effects to be negligible. 

The pions were detected by the wedge-shaped 
magnet and associated counter system described 
earlier by Dixon and Walker.’ Pions were ob- 
served at laboratory angles and momenta cor- 
responding to photoproduction from free nucleons 
by photons of 500, 600, 700, 800, 900, and 1000 
Mev and center-of-momentum angles of 20°, 40°, 
60°, 90°, 120°, 150°, and 163°. 

The fact that the target nucleons in deuterium 
are not free, but have a Fermi motion, means 
that pions of a given momentum and angle are 
not produced by photons at a unique energy. Pre- 
liminary kinematic calculations, including the 
bremsstrahlung spectrum, have been made to 
find the average photon energy in the rest sys- 
tem of the target nucleon. This corresponds to 
the laboratory energy for photoproduction from 
free nucleons, and is plotted as the “effective 
photon energy” in the figure. These calculations 
also give preliminary photon resolution functions 
which indicate that the spread from the Fermi 
motion is comparable to that from the momentum 
resolution of the magnet, 4p/p=0.10. The spread 
inc.m. angles due to the Fermi motion is small. 

The solid circles in the figure are results of 
experiments done earlier at this laboratory by 
Sands, Teasdale, Walker, and Bloch, part of 
which have been published.? 

The pion yields have been corrected for the 
background from the target assembly. The posi- 
tive pion yields have been corrected for a small 
proton contamination. We have assumed that scat- 
tering and absorption in passing through the appa- 
ratus eliminate an equal fraction of positive and 
negative pions. 

Measurements were, in general, made with 
the bremsstrahlung end point of the photon beam 
100 Mev above the nominal photon energy being 
studied. This was usually low enough to exclude 
significant contamination from multiply-produced 
pions. Measurements made with different end- 
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FIG. 1. Preliminary ratio of negative to positive 


pions photoproduced from deuterium at various c.m. 
angles as a function of the average photon energy in 
the rest system of the target nucleon. 


point energies at a few points where some con- 
tamination was unavoidable indicate that the ratio 
at these points would be unchanged (within pre- 
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sent errors) if corrections for multiply-produced 
pions were made. 

A complete report of this experiment will be 
made when a final analysis of the data has been 
completed. 


“This work was supported in part by the U. S. Atomic 
Energy Commission. 

'F, P. Dixon and R. L. Walker, Phys. Rev. Lett, 
1, 142 (1958). 

*Sands, Teasdale, and Walker, Phys. Rev. 95, 592 
(1954). 





REDE TERMINATION OF THE y+ MEAN LIFE* 


R. A. Swanson, R. A. Lundy,! V. L. Telegdi, and D. D. Yovanovitch 
Enrico Fermi Institute of Nuclear Studies, University of Chicago, Chicago, Illinois 
(Received April 24, 1959) 


The decay of the muon involves, except for 
electromagnetic corrections, only leptons. The 
rate of this process achieves, therefore, partic- 
ular importance as a true measure of the strength 
of this weak interaction. It now appears probable 
that all weak interactions are of the same type, 
i.e., the chiral V-A type.’ Hence this rate would 
provide, in particular if the conserved V-current 
hypothesis revived by Feynman and Gell-Mann’ 
were correct, information of universal validity 
for weak interactions. According to this hypoth- 
esis, the coupling strength as observed in muon 
decay would be specified by a single constant G, 
unaffected (in this particular process) by renor- 
malization effects. This same number G would 
also be the observable coupling constant of the 
V part of, say, nuclear beta decay. Thus G could 
be extracted from the observed decay rates of 
either the muon or of a pure nuclear V transition, 
such as O'*~N"*. Hence these two decay rates 
could be computed from each other (correcting 
for radiative effects), and numerical agreement 
would provide verification of the hypothesis. 

The best available experimental value® for the 
u*+ mean life, 7(u+)=(2.224+0.02) usec, was in- 
deed found to agree within 2% with that predicted 
from the ft value of O'*—as long as radiative cor- 
rections to either decay process were neglected.” 
Berman‘ estimated these corrections (ignoring 
nucleon and nuclear structure effects) and con- 
cludes that their inclusion leads to 7(y+) =2.33 
usec. A more recent calculation by Kinoshita 
and Sirlin® reduces this number to 2.31 psec. 
This number disagrees with the above experi- 
mental value even when some allowance (+ 0.05 
usec) for theoretical uncertainties in these cor- 
rections and in the O** ft value is made. 

Stimulated by these considerations, we have 
now redetermined 7(u*+). In attempting to reduce 
the error in 7(u*) below the uncertainty quoted 
in reference 3, statistical limitations are second- 
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ary with artificial mesons. The following sources 
of systematic errors are, however, important: 
(a) the absolute accuracy and linearity of the time 
measurement, (b) the magnitude and time depen- 
dence of the “background,” and (c) the possible 
precession of muons at rest. 

In our experimental arrangement, shown in 
Fig. 1, sources (b) and (c) were minimized by 
letting the entire chain 7+ — y+ —e* occur in the 
target T, a 2.5-g/cm? thick scintillator® in which 
the range curve of the incident 150-Mev/c “pion” 
beam was centered. The stopping particles were 
detected by the “start” telescope 12374, the out- 
going positrons by the “stop” telescope 23745. 
The “start” and “stop” signals were fed—rather 
than to the conventional time-converter used 
previously in this laboratory—to an electronic 
system especially designed’ to suppress errors 
from source (a). This system uses a known 
principle®: the pulses of an rf wave train (9.1 
Mc/sec) initiated by a “start” signal are counted 
by a fast scaler (Hewlett Packard 520 A) through 
a gate triggered by a “stop” signal. The digital 
output of the scaler, proportional to the interval 


mii 


2 
Je 
54 


FIG. 1. Experimental arrangement. 1, 2, 3, 7, 4, 
and 5: plastic scintillators, about square; Cu: 17.7- 
g/cm? Cu absorber; Al: 1.71-g/cm? Al absorber; 
Pb=lead collimators; 12374: “start” telescope; 
23745: “stop” telescope. 


123T4= "Start" 
23745 ="“Stop’ 
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between the two signals, is stored directly in 
the memory of a 100- channel pulse -height ana - 
lyzer (Penco PA-3). The differential nonlinearity 
of this system is <0.15 %/channel over its total 
gusec range. Data taking was alternated with 
poth linearity checks and frequency calibrations. 
10° counts were collected in one run. A “back- 
ground” /true counts ratio of ~1/200 near “zero” 
time was obtained. The latter was chosen ~0.35 
usec after true delay zero to omit the nonexpo- 
nential part of the 7-y.-e growth curve. The time 
dependence of the “background” counts, arising 
mainly from uncorrelated “stops” and “starts,” 
is anticipated® to follow an exponential, with a 
constant depending on the instantaneous rates. 
This was verified by specific measurements at 
purposely high rates. During the experiment 
the rates were low (130 “starts”/sec) and con- 
stant, and the duty-cycle factor was known. The 
equipment was protected from effects of high 
random pulse rates by dead time and block cir- 
cuits. The time dependence of the “background” 
was hence both mild and known. A least-squares 
fit of the data to two exponentials yielded 7(y*) 
as well as the background.® Figure 2 illustrates 
this fit. We find 





7(u*) =2.261+0.007 psec, 

where the indicated error combines the statisti- 
cal uncertainty (+6 mysec) with systematic un- 
certainties (time calibration, etc.). This new 
value for 7(u*) improves the agreement with 
prediction of the conserved V-current theory. 
It may be noted that this theory yields 7(y*) 
=2.27 usec when the radiative corrections to O* 
are omitted. 

We are indebted to J. Lathrop and R. Winston 
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FIG. 2. Ratio of observed counting rate per 0.542 
psec, N(t), to value of function f(t) obtained from 
least-squares fit; f(t) ={N, exp[-t/1(u*)] + B} exp(-R7); 
R=mean instantaneous ‘stop’ rate; B= accidental back- 
ground rate. Indicated errors are statistical standard 
deviations. 


for their assistance in data taking and analysis. 
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The field-theoretical model suggested by Gell- 
Mann’ and others?’* incorporates the orthodox 
Gell-Mann—Nishijima strangeness and isotopic 
sin assignments and contains four coupling con- 
stants of pions to baryons and four coupling con- 
stants of K mesons to baryons. In this model, 
the 2° -* mass excess of‘ about 7 Mev is due 
fo the combined effect of the electromagnetic 
interaction and the K-baryon interactions. If one 
calculates to first order in perturbation theory 





= -* MASS EXCESS 


B. H. Bransden and R. G. Moorhouse 
Department of Natural Philosophy, The University, Glasgow, Scotland 
(Received April 23, 1959) 


for both these interactions, the difference be- 
tween, for example, the graphs of Figs. 1(a) and 
1(b) gives a ©" -£* mass difference. The cal- 
culation of the £~ - £* splitting in this way is 
made rather uncertain by the need to use cutoffs. 
We suggest however, that a large (and possibly 
the greater part) of the 2“ - =* mass splitting 
may be achieved by just calculating the difference 
in self-energy from graphs like (c) and (b) pro- 
vided the K°(K°) -K (K*) mass excess is used in 
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FIG. 1. =”, =* self-energy graphs. 


the calculation. The use of the K mass difference 
includes a great part of the electromagnetic cor- 
rection to the K propagator [Fig. 1(a)], and it may 
even be the dominant part because of the quadra- 
tic dependence’ on cutoff of the self-mass. 
Putting M(K°) - M(K~) =M(K°) - M(K*) =6x, the 
equality being indicated by the experiments, ° 
one finds (using covariant perturbation formalism) 
M(= )-M(z*) 
: 2 a = ’ 
' yrK ad y' [io Ry), Mr d*k 
r [(p - Rk)? + My) |e +e) 








—, YT -B) 7, -Maly'ate 
a won [(p -kP +MW7 (+P ” 


where x is the (average) mass of the K meson, 

ip .y¥y, +My =0 (after the y’ have been eliminated), 
and y’ is either 1 or iy, according to the relative 
parity of the K’s to EN and £=. The subtraction 
has made the resulting integrals finite, so that 
calculation may be performed without a cutoff 

to yield the result 


. 0.037 
M(Z") - M(Z*) = 8K yy K? ({ a 


-  { 0.082 
K8=yK \-0.445)’ 
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where the upper figure in each case is for the 
pseudoscalar (i),) interaction and the lower for 
the scalar (1) interaction. 

It is seen that the most favorable configuratio, 
for obtaining the = - =* splitting is when the 
coupling of K mesons to nucleons is pseudoscalz 
and that of K mesons to cascade particles is 
scalar. This is a coupling scheme suggested by 
Schwinger.’ In this case, putting® 5x =4.8 Mey, 
it is found that 


M(Z°) - M(Z*) = (0.18) gyy x? + (2-14) go5,?. 


The numerical coefficients are rather small to 
achieve the required 7 Mev. For example, a 
currently acceptable value for the (pseudoscalar) 
coupling constant gy5,* is about 4. This would 
require a (scalar) coupling constant g—-; K. of 
about 3, a rather large value. However, it is 
suggested that a large part of the >" - * mass 
difference may be explained in this way. The 
effect of the proton-neutron mass difference is 
very small compared with that of the K-meson 
mass difference. Calculations also indicate that 
electromagnetic vertex corrections are small. 
The comparative largeness of the K°(K°) -K’(k’ 
mass splitting is unexplained.® It is possible th 
it may be due to a coupling effect of the K mass 
difference with the © mass difference. 
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MESON -THEORETICAL ORIGIN OF THE SPIN-ORBIT COUPLING BETWEEN TWO NUCLEONS! 


N. Tzoar, R. Raphael,* 


and A. Klein 


University of Pennsylvania, Philadelphia, Pennsylvania 
(Received April 24, 1959) 


It is generally agreed that the phenomenological 
analysis of proton-proton scattering data at high 
energies by means of a potential energy function 
suggests strongly the action of a spin-orbit force 
in triplet odd states.’ The situation with respect 
to the triplet even states is less conclusive, the 
existing evidence indicating that the spin-orbit 
coupling is at least weaker and perhaps appre- 
ciably weaker here.’ In this communication, 
we shall describe a conservative meson-theoreti- 
cal approach which yields qualitative results in 
agreement with the above remarks. Though 
hardly definitive from a quantitative viewpoint, 
its essential elements should be contained in any 
more complete theory.” 

The basic idea of the method is the same as 
that proposed by Miyazawa‘ and by McCormick 
and one of the authors‘ for the, in principle com- 
plete, calculation of the static part of the poten- 
tial. One simply expands the two-nucleon inter- 
action as a series in the number of mesons ex- 
changed, taking into account exactly, however, 
the concomitant self-interactions. The one- 
meson contribution gives a well-known static 
limit and, moreover, no spin-orbit coupling.® 
The exchange of a pair of mesons by two nucleons 
can be visualized as a connected sequence in 
which each nucleon scatters a meson, the entire 
process taking place off the energy shell. Assum- 
ing that outside of the phenomenological hard 
core, the exchange of larger numbers of mesons 
is relatively infrequent, the problem reduces to 
obtaining a theoretically valid description of 
virtual pion-nucleon scattering which takes ac- 
count of nucleon recoil to first order in the nuc- 
leon velocities. For this purpose an extrapolated 
use of dispersion relations suggests itself, and 
such a calculation is indeed being carried out.® 
What we describe below is a more rough and 
ready method. 

We assume that the system of single pion plus 








M 


nucleon can be described by an effective inter- | 
action Hamiltonian density of the form 


x (x) = (x){- 4 (@/2M) gy 8, 7° G(x) + 1 (g"/2M)[$(x)]? 
 b2(g/2M)* 7+ (x) x8, 6x) - fgg? /8M*)[2, O00)]? 


+ £4(G°/8M*)o,, T+ 8 G(x) x8, He)} Vee), (1) 


where y and o are nucleon and meson field oper - 
ators, respectively, the scalar product Aj, By 

=A-B - -A,Bp, the y’s and 7 are the Dirac and 
isotopic matrices, g is the renormalized pion- 
nucleon coupling constant, (g”/41)(u/2M)* = (f?/47) 
=0.08, and the ¢; (i=1, 2, 3, 4) are dimension- 
less adjustable parameters. The significance of 
Eq. (1) is that it is to be used in first Born approx- 
imation only to fit the low-energy (below the res- 
onance) pion-nucleon scattering,’ where it is then 
roughly equivalent to the effective-range approx- 
imation. The parameters ¢, and ¢, are then de- 
termined by the S-wave phase shifts to be ¢£, =0.01, 
¢,=0.57. The more important P-wave phase 

shifts then determine that ¢,=2.9M/u, £,=1.39 
xM/w, the relatively large values of these param- 
eters reflecting the rapid approach to resonance. 

To apply Eq. (1) to the nuclear force problem, 
we employ the Tamm-Dancoff method, omitting 
however all self- -interactions, since these are 
already accounted for in x. This seemingly 
artificial prescription is in fact correct up to the 
exchange of two mesons, as can be justified by 
more elaborate functional variation methods, pre- 
viously applied by McCormick and one of the 
authors’ to the static limit of (1), the present cal- 
culation representing an extension of their result 
to first order in the nucleon velocities. 

The spin-orbit potential which results from this 
straightforward calculation will now be recorded. 
If, by V Lg”), we mean the coefficient of the 
operator L-S, we find (with # =c =1) that 


r,sor=-»(2(EY psteptert e7®X (3 +27,- iy -S[2 K,"(«) +E 2 ed Ke] - -27,+ 72) 


“fe (ii)? acenis+ Be) +n 0(F +S) - Se oare ie 
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where x =r. The origin of the various terms is 
clearly indicated by their dependence on f? and 
the ¢;. Thus the first two terms are found in 
perturbation theory,® whereas the last four, lin- 
ear in the ¢,, involve “rescattering” corrections 
from one of the nucleons. Double rescattering 
corrections were neglected in general because 
they are of one order smaller in (yu /M) or be- 
cause they give rise to contact interactions. 
Various terms of the latter variety were neglected 
throughout. 

In Fig. 1 the contribution of Eq. (2) to the trip- 
let odd (isotopic spin triplet) potential is com- 
pared with the phenomenological potentials of 
Gammel and Thaler® and of Signell, Zinn, and 
Marshak.’ What is plotted is “Vv Ls") the more 
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FIG. 1. Comparison of meson-theoretical and phe- 
nomenological spin-orbit potentials. G. T. refers to 
Gammel and Thaler as quoted in reference 9 and S,Z.M. 
to Signell, Zinn, and Marshak, reference 1. 
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’ (2) 








relevant quantity for the scattering phase shifts. 
The qualitative agreement is encouraging since 
we anticipate that our calculation is an over- 
estimate of the spin-orbit coupling, as is the 
corresponding calculation for the static case.” 
Moreover, it is most suspect just outside the 
hard core where the discrepancy is maximum. 
It is essential to emphasize that the dominant 
contribution to our favorable result comes from 
the P-wave virtual pion-nucleon scattering. For 
the triplet even (isotopic spin singlet) states, 
Eq. (2) yields a potential of opposite sign but 
only about 25 % of the magnitude of the triplet 
odd force. 
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PRECESSION OF THE POLARIZATION OF PARTICLES MOVING IN A HOMOGENEOUS 
ELECTROMAGNETIC FIELD* 
V. Bargmann 
Princeton University, Princeton, New Jersey 
Louis Michel 
Ecole Polytechnique, Paris, France 


and 


V. L. Telegdi 
University of Chicago, Chicago, Illinois 
(Received April 27, 1959) 


The problem of the precession of the “spin” of 
a particle moving in a homogeneous electromag - 
netic field— a problem which has recently ac- 
quired considerable experimental interest— has 
already been investigated for spin 3 particles in 
some particular cases.’ In the literature the re- 
sults were derived by explicit use of the Dirac 
equation, with the occasional inclusion of a Pauli 
term to account for an anomalous magnetic mo- 
ment. On the other hand, following a remark of 
Bloch? in connection with the nonrelativistic case, 
the expectation value of the vector operator re- 
presenting the “spin” will necessarily follow the 
same time dependence as one would obtain from 
a classical equation of motion. To solve the pro- 
blem for arbitrary spin in the relativistic case, 
it will thus suffice to produce a consistent set of 
covariant classical equations of motion. Such 
equations have been indicated a long time ago by 
Frenkel® and are discussed by Kramers.‘ These 
authors use an antisymmetric tensor M as the 
relativistic generalization of the intrinsic angular 
momentum observed in the rest-frame of the 
particle. A formulation in terms of the (axial) 
four-vector s which describes the polarization in 
a covariant fashion® — though basically equivalent — 
is however much more convenient for our pro- 
blem. We shall therefore derive first the equa- 
tions of motion directly in terms of this four- 
vector s. 

Let the spin of the particle be represented® in 
the rest-frame (R) by 8. We assume (a) that 
there exists a four-vector s such that in (R) it 
coincides with 8: 


s=(s°, 5); in (R), s=(0, 8). (1) 


Denoting the four-velocity of the particle by u 
=(v°, ut) =y(1, ¥) [where ¥ is the ordinary velocity, 
and y(v) = (1 - v*)-”*], one has in every frame 


s-u=0, i.e., s°=5-¥. (2) 


We further assume (b) that 5 obeys in (R) the 


customary equation of motion 
d8/dt = (ge/2m) (6x), (R) = (3) 


where H, e, and m have their standard meanings, 
while the gyromagnetic ratio g is defined by this 
very equation. While s° vanishes by hypothesis 
in any instantaneous rest-frame, ds°/dr need 
not. In fact, (2) implies 


ds°/dt =8+(dv¥/dt), (R) (4) 


for such frames. In general, du/dt=f/m (where 
f =four-force), while in a homogenous external 
electromagnetic field specified by F = -(E, H) 


du/dt=(e/m)F-u. (5) 


The immediate generalization of Eqs. (3) and (4) 
to arbitrary frames is 


ds /dt = (ge/2m)|F-s + (s-F-u)u] - [(du/dt)«s Ju, (6) 


as can be checked by reducing to the rest-frame. 
With (5), one has for homogeneous fields 


ds /dt =(e/m)[(g/2)F +s + (g/2 -1)(s-F-u)u]. (7) 


(5) and (7) constitute, for any value of g and ar- 
bitrary spin 5S, a consistent set of equations of 
motion; they imply that s-s and s-u are constant, 
so that condition (2) is maintained.’ For experi- 
ments of current interest, the main use of (7) is 
in the computation of the rate 2 at which longi- 
tudinal polarization is transformed into a trans- 
verse one (and vice versa). For this, we ex- 
press s in the laboratory frame (L) in terms of 
two unit polarization four-vectors, e7 and e;: 


s/s =e) Cosd+ez sing, 
where 


S=(-s+s)”, 
e, =y(v,¥/v) =y(v,d), e4= (0,2), 


a «A 


nmn=1, nv=0. (L) (8) 
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Clearly, 2 =d¢/dt=dq/ydt. Introducing (8) into 
(7), and expressing all quantities as ordinary 
vectors, we find 


2 = (e/m){(E-n/v)[(g/2 - 1) - g/2y*) 
+ (0-Hxn)(g/2-1)}. 9) 


The relevant “anomaly” of spin-} particles, 
(g/2 -1), is clearly exhibited in (9) although our 
derivation was classical throughout. 

We now specialize (9) to some cases of prac- 
tical interest (the references are to experiments): 
(A) Ex¥=Hxv¥=0; Q=0. The character of the 
polarization does not change, but the transverse 

polarization precesses around ¥V in longitudinal 
fields with an angular frequency w = (ge/2my)H 
= (g/2)w,, as follows readily from (8). 

Re 2 H-nxd=H, E=0; Q=w i @/2 -1)y, where 

is the Larmor frequency y ee in (A) above. 

“Toye E-n=E, H=0; 2 =wo[-g/2y+ (g/2 -1)y], 
where w, =eE/myv is the angular frequency of 
the particle’s motion in the laboratory. 

(Dp)? E-H=0, rectilinear motion: E =-¥xH; 
H-nxd =H, Q= w 1 (g/2y). 

(E)" E-H=0, H-nxd=H, E-A=-Ev,/v, trochoidal 
motion: E/H<< 1; Q= (e/m){(¢/2 - iu - Ev,) 
+Ev,/(/ -1)], 


(Ap/2n) per loop =y(E/H)y(v)[1 - (E/H)v,y \(g/2 - 1) 
=y(v’)(¢/2 -1), 


where v’ is velocity in a frame where E’ =0. 

The generalization of (6) to cover particles 
having an intrinsic electric dipole moment € 
= (g’e/2m)5 may be of interest. In the (R) frame, 
the effect of € is taken into account by adding 
€ XE to the right-hand side of (3), while leaving 
(4) unchanged. Thus the required change in the 
right-hand side of (6) is the addition of a term 

eo/ahy<)s (s-F*-u)u), denoting by F* the 
dual of F, x - -(H, -E). For the experi- 
ment (B) Prue one obtains then |2| =w y 
x[(g/2 - 1)? + (e’v/2P *. 

Discussions leading to this note were initiated 
when the two last-named authors were visiting 
Princeton University. They are indebted to J. R. 
Oppenheimer for making the facilities of the 
Institute for Advanced Study available to them. 
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Research, Air Research and Development Command, 
and by the French Service des Poudres. 

'H, A. Tolhoek and S. R. de Groot, Physica 17, 17 
(1951); H. Mendlowitz and K. M. Case, Phys. Rev. 9, 
33 (1955); L. M. Carrassi, Nuovo cimento 7, 524 (1958), 

*F. Bloch, Phys. Rev. 70, 460 (1946). 

3J, Frenkel, Z. Physik 37, 243 (1926). 

‘H. A. Kramers, Quantum Mechanics (North Holland 
Publishing Company, Amsterdam, 1957), p. 226 et seq, 
Kramers’ Eq. (4)(p. 229) does not correspond to our 
Eq. (6). His conclusion that already classically g=2 
is implied for an electron, based on the relativistic 
equation he uses, stems from the fact that that equation 
corresponds in the rest-frame to ds*/dr=(ge/2m)%-E, 
Comparing with our (4), with dv/dr=(e/m)E, one sees 
that the “derived” result is, in fact, built into the theory 
from the start. A more general equation is mentioned 
by Kramers on p. 231, in fine print, and attributed to 
Frenkel. The inconsistencies arising in Kramers’ dis- 
cussion of what he calls “spin-orbit” forces [i.e., of 
the form (V)-u in the rest-frame] are connected with 
the fact that neither of his equations of motion applies 
when the field is inhomogeneous. In that case, du/dr 
is not given by (5) alone, but has to include an addi- 
tional term (the covariant analog of the gradient force 
just mentioned) before being introduced into (6). 

’The covariant polarization four-vector s is essentially 
the expectation value of the operator w used by Barg- 
mann and Wigner [Proc, Natl. Acad. Sci. U. S. 34, 
211 (1948)] to characterize representations of the in- 
homogeneous Lorentz group: (w+w)=-S(S+1)m?, 
S=spin. Ss can be expressed in terms of the skew tensor 
M of Frenkel (which satisfies M-u=0), and vice versa: 
s=M*-u, M* =sxu, i.e., M*tk=stuk-skut. For the 
quantum-mechanical egglications of S see, e.g., C. 
Bouchiat and L. Michel, Phys. Rev. 106, 170 (1955). 

‘Our notation is: C=1, A=1 throughout; coordinate 
four-vector of components x*=t, x!, x?, x3: x =(x",x), 
x={x%} (a=1, 2, 3); metric of signature (+ ---); 
T=proper time; a dot between symbols, contraction of 
neighboring indices with the metric tensor, e.g., x*x 

= (x*)?- , _ — of oe Tik indicated 


as T=(7, 7 * 7 ={T°%}, T § (7°): wp, y=1;2, 
3; its dual by =(Ts,-Tt). 

"Equations (5) and (7) can be integrated explicitly by 
reference to four orthonormal four-vectors e%? such 
that each of them obeys (5), and e® =u. 

®Crane, Pidd, and Louisell, Bull. Am. Phys. Soc. 
Ser. Il, 3, 369 (1958). 

*H. Frauenfelder et al., Phys. Rev. 106, 386 (1957). 

1p. E. Cavanagh et al., Phil. Mag. 2, 1105 (1957). 
‘lp, §, Farago, Proc. Phys. Soc. (London) 72, 891 
(1958). 
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ERRATA 





POSSIBLE DETERMINATION OF HYPERON 
PARITIES AND COUPLING STRENGTHS. Saul 
Barshay and Sheldon L. Glashow [Phys. Rev. 
Lett. 2, 371 (1959)]. 


In Eq. (2), the expression (m+m A)” should 
read (m>#m,)*, and the factor (4m y*+q*) should 
be replaced by g*. In the first sentence of column 


two on page 372 the words “large” and “small” 
should be interchanged. 


REMARK ON STRONG INTERACTIONS. Saul 
Barshay [Phys. Rev. Lett. 2, 315 (1959)]. 


At the bottom of the first column on page 316, 
the phrase “rigorously invariant under DP” 
should read “rigorously invariant under CP.” 


437 








VoLuUME 2, NuMBER 10 PHYSICAL REVIEW LETTERS May 15, 1959 





ABSTRACTS 








In this section are printed the abstracts of Articles that 
have been forwarded to The American Institute of Physics 
for publication in THE PHYSICAL REVIEW. In quoting 
information obtained from this section before the appear- 
ance of the corresponding Article, reference should be 
made to “Physical Review (to be published)” rather than 
to this Journal. 


INJEC TION INTO THERMONUCLEAR MA- 
CHINES USING BEAMS OF NEUTRAL DEUTE- 
RIUM ATOMS IN THE RANGE FROM 100 kev TO 
1 Mev. G. Gibson,* W. A. S. Lamb, and E. J. 
Lauer, University of California Radiation La- 
boratory, Livermore, California (Received De- 
cember 22, 1958). 


Injection into a steady magnetic mirror ma- 
chine by ionization of a beam of neutral deute- 
rium atoms is analyzed. If the neutral beam is 
switched on in a sufficiently good vacuum, then 
the trapped plasma density will build up toa 
steady-state value of interest for experimental 
study. 


Visiting from Westinghouse Atomic Power Depart- 
ment, Pittsburgh, Pennsylvania. 


DEPENDENCE OF ELECTRON MOBILITY ON 
MAGNETIC FIELD IN A FULLY IONIZED GAS. 
M. S. Sodha, Armour Research Foundation of 
Illinois Institute of Technology, Chicago, [Lli- 
nois, and Y. P. Varshni, Physics Department, 
University of Allahabad, Allahabad, India (Re- 
ceived December 19, 1958). 


The variation of drift and Hall mobilities of 
electrons in a fully ionized gas with magnetic 
field has been investigated in this paper. 


ERGODIC FOUNDATION OF QUANTUM STATIS- 
TICAL MECHANICS. P. Bocchieri and A. Loin- 
ger, Istituto Nazionale di Fisica Nucleare, 
Sezione di Milano, Milano, Italy, and Istituto di 
Fisica dell’Universita, Pavia, Italy (Received 
December 23, 1958). 


Relations, which are ergodic in a generalized 
sense, are deduced from the laws of quantum 
theory without any hypothesis of a priori proba- 
bilities. These relations are satisfied for the 
overwhelming majority of the initial state-vectors 
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of any isolated system with very many degrees 
of freedom. 

By means of these relations, it is proved that 
a system, when weakly coupled with another sys. 
tem having a comparatively very large number 
of degrees of freedom, does not deviate signif- 
icantly from the canonical distribution at the 
overwhelming majority of the instants of time. 


HALL EFFECT, RESISTIVITY, AND MAGNETO. 
RESISTIVITY OF Th, U, Zr, Ti, AND Nb. 

Ted G. Berlincourt, Atomics International, Divi- 
sion of North American Aviation, Incorporated, 
Canoga Park, California (Received December 29, 
1958). 


The Hall effect, resistivity, and magnetore- 
sistivity of Th, U, Zr, Ti, and Nb have been 
studied at temperatures between ~1°K and room 
temperature and in magnetic fields up to 30 kilo- 
gauss. Strong temperature and purity dependences 
were observed in the Hall coefficients of U, Ti, 
and Zr. In addition, the Hall coefficient of Zr 
was strongly dependent upon magnetic field 
strength at liquid helium temperatures. Com- 
parisons with theory have been carried out, and 
it is concluded that existing theories are not suf- 
ficiently general to account quantitatively for the 
observed temperature and magnetic field depend- 
ences of the Hall effect and resistivity. Unusual 
behavior was observed in the magnetic-field- 
induced superconducting transition of Nb. 


MEASUREMENT OF THE MOTT ASYMMETRY 

IN DOUBLE SCATTERING OF ELECTRONS. D.F. 
Nelson and R. W. Pidd, Harrison M. Randall Lab- 
oratory of Physics, University of Michigan, Am 
Arbor, Michigan (Received December 15, 1958). 


The Mott asymmetry was observed at 121 kev 
for gold targets and scattering angles of 6, =90° 
and 6, = 80° to 140°. The cosine dependence of 
the asymmetry on the azimuthal angle was shown 
in all cases. A weak magnetic lens (maximum 
field: 12.5 gauss) was used between the two scat- 
terers and a low-resolution (8%) electrostatic en- 
ergy analyzer was used after second scattering. 
The measured asymmetry amplitudes are com- 
pared with the calculations of Sherman (pure Cou- 
lomb field) and of Mohr and Tassie (screened Cov- 
lomb field). The experimental values for @,=%', 
100°, and 110° agree well with either theoretical 
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curve but are not accurate enough to distinguish 
between them. The measured value at 6, = 80° is 
enough higher (17%) than the pure Coulomb field 
curve to indicate a screening effect. The ex- 
perimental values for 6, =120°, 130°, and 140° 

fall from 15% to 20% below the theoretical curves. 


This discrepancy is attributed to plural scattering. 


Measurements made using the magnetic lens but 
not the energy analyzer yield asymmetries re- 
duced in amplitude about 33% and shifted in phase 
by 26° when compared with the measurements 
discussed above. This is believed due to the 
presence of an appreciable number of polarized 
electrons at a considerably lower energy than 

121 kev in the first scattered beam. 


EFFECT OF THICKNESS OF THIN FILMS OF 
LEAD SULFIDE ON THE SPECTRAL RESPONSE 
OF PHOTOCONDUCTIVITY. H. E. Spencer, 

Navy Ordnance Division, Eastman Kodak Com- 
pany, Rochester, New York (Received September 
25, 1958). 


The wavelength spectral responses of lead 
sulfide films of various thicknesses have been 
measured between 1.6 and 3.1 yp. The effect of 
reflecting the transmitted radiation back on the 
cells has been quantitatively studied. The frac- 
tions of light reflected and transmitted also 
have been measured. It is concluded that the 
response per quantum absorbed is independent 
of wavelength. Simple absorption arguments 
are not valid for these films, probably because 
of the scattering of radiation due to the micro- 
crystalline structure of the films. 


SCATTERING OF PHONONS BY ELASTIC STRAIN 
FIELDS AND THE THERMAL RESISTANCE OF 
DISLOCATIONS. Peter Carruthers, Department 
of Physics, Cornell University, Ithaca, New York 
(Received December 29, 1958). 


A theory of the scattering of phonons by static 
elastic strain fields is presented. It is found 
that the Fourier component of the strain field 
plays a role similar to that of the potential in the 
external field approximation. All quantities (ex- 
cept the strain field) in the formulas obtained 
refer to specifically atomic characteristics, 
allowing in principle the examination of the in- 
fluence of crystal structure, interatomic poten- 
tials, etc., and also scattering between different 


polarization modes. A Boltzmann equation is 
found. 

The results of the theory are used to estimate 
the low-temperature thermal resistance (in non- 
conductors) due to dislocations. This is done by 
finding a relaxation time 7; with some simplifying 
assumptions, one finds for an edge dislocation 7~* 
=Ao[In(nb™ o ~Y?)}]?q. In this equation o is the den- 
sity of dislocations, n is the average number in 
a slip plane, b is the Burgers vector, q is the 
wave vector of the phonon, and A is a constant. 
This result differs from that obtained previously 
by Klemens by essentially the presence of the 
logarithm. This latter factor seems to be essen- 
tial in explaining the experimental observations 
of Sproull et al. that the thermal resistance due 
to dislocations in LiF is three orders of magnitude 
greater than predicted by Klemens. For a screw 
dislocation, 7~' lacks the logarithm term so that 
the scattering is much smaller than for an edge 
dislocation. , 


SPECIFIC HEATS OF AMMONIUM, POTASSIUM, 
AND SODIUM CHLOROIRIDATE. C. A. Bailey 
and P. L. Smith, * Clarendon Laboratory, Oxford, 
England (Received December 19, 1958). 


The specific heats of ammonium, potassium, 
and sodium chloroiridate have been measured 
between 1.5°K and 20°K; anomalies of the A-type 
were found at 2.15, 3.05, and 3.95°K for the 
ammonium, potassium, and sodium salts, re- 
spectively. These results confirm some conclu- 
sions drawn from magnetic susceptibility values. 
The difficulties involved in the correct analysis 
of this type of specific heat measurement are 
discussed. 


" Present address: National Physical Laboratory, 
Teddington, Middlesex, England. 


CRYSTAL STRUCTURE OF HELIUM ISOTOPES. 
Jerry Donohue, Department of Chemistry, Uni- 
versity of Southern California, Los Angeles, Cali- 
fornia (Received December 29, 1958). 


The neutron diffraction data of Henshaw for 
crystalline He* have been treated by the method of 
least squares to obtain revised values of the lat- 
tice constants and their standard errors. The 
values so obtained, together with the pressure- 
volume -temperature data of Dugdale and Simon, 
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are used to make a direct comparison with the 


interatomic distances and molar volume for 8-He’, 


which is also hexagonal close-packed. 


LiH,(SeO,),: A NEW ROOM- TEMPERATURE 
FERROELECTRIC. R. Pepinsky and K. Vedam, 
X-Ray and Crystal Structure Laboratory, De- 
partment of Physics, Pennsylvania State Uni- 
versity, University Park, Pennsylvania (Re- 
ceived December 22, 1958). 


LiH, (SeO,), crystallizes in the monoclinic sys- 
tem and exhibits useful ferroelectric properties 
in the entire temperature range -196°C to 90°C. 
The spontaneous polarization and coercive field 
at room temperature are 15.0 ycoul/cm? and 
1400 v/cm, respectively. X-ray examination re- 
veals that the crystals belong to the space group 
Pn, with cell dimensions a=6.25, A, b=7.89, A, 
c, =5.44, A, 8=105.4°, and two formula units 
per unit cell. The polar direction is perpendi- 
cular to the (001) plane. No Curie temperature 
could be observed. NaH, (SeO,), is not isomor- 
phous, but is ferroelectric below -82°C. 


SPECTRAL DIFFUSION, PHONONS, AND PARA- 


MAGNETIC SPIN-LATTICE RELAXATION. P. W. 


Anderson, Bell Telephone Laboratories, Murray 
Hill, New Jersey (Received December 22, 1958). 


The question of paramagnetic relaxation at low 
temperatures and the “phonon bottleneck” is dis- 
cussed in terms of the analogy with Holstein’s 


theory of trapping of resonance radiation in gases. 


It is observed that the diffusion of phonon energy 
to the wings of the line is the limiting process, 
and a new mechanism for this in dilute cases is 
proposed. Since this mechanism involves the 
spin-spin interactions as well as phonons, it pro- 
vides a reason for the observed increase of re- 
laxation rate with concentration. 


DEUTERON MAGNETIC RESONANCE SPECTRUM 
AND RELAXATION IN KD,PO,. John L. Bjorkstam* 


and Edwin A. Uehling, University of Washington, 
Seattle, Washington (Received December 22, 
1958). 


The electric field gradient tensor at the site of 
the deuteron in the hydrogen bond of KD,PO, and 
the relaxation times of the deuteron have been 
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studied. The measured quadrupole coupling con- 
stant is 119 kc/sec, the asymmetry parameter 
is 0.049, and the major principal axis of the ten- 
sor is along the bond direction. None of these 
features of the electric field gradient tensor 
change appreciably with temperature over the 
entire range studied, which range includes the 
ferroelectric Curie point T,. An interesting 
additional splitting in the spectral lines below 
T, is observed, however. The thermal relaxation 
time of the deuteron has been studied carefully 
only at room temperature. One obtains 7, =6.5 
minutes at a particular orientation of the crystal, 
decreasing by a factor of 2 at other particular 
orientations. T, is of the order 5x10~™ second, 
From the point of view of orientation of the elec- 
tric field gradient tensor there are two distinct 
kinds of deuterons in the crystal. At any given 
orientation these deuterons differ in resonance 
frequency but not in the magnitude of their re- 
laxation times or in their saturation behavior. 
This interdependence of the two kinds of deuterons 
and the possible causes of relaxation are dis- 
cussed. 


*Now at the Department of Electrical Engineering, 
University of Washington, Seattle, Washington. 


LIFETIMES AND CAPTURE CROSS SECTIONS 
IN GOLD-DOPED SILICON. W. D. Davis, Knolls 
Atomic Power Laboratory, Schenectady, New 
York (Received December 19, 1958). 


The free lifetimes of electrons and holes in 
gold-doped silicon were determined by applying 
an electric field and measuring the amplitude of 
the pulses produced by a particles. Knowing the 
impurity concentrations and assuming that the 
lifetime is determined primarily by capture at 
the gold sites, the cross sections for capture 
were calculated. The value for either electrons 
or holes at neutral gold sites is 2x10~ cm? 
and at oppositely charged sites, 1x107'* cm’. 


FORMATION OF POSITRONIUM IN AN ELEC- 
TRON GAS. M. A. B. Bég" and P. M. Stehle, 
University of Pittsburgh, Pittsburgh, Pennsyl- 
vania (Received October 29, 1958). 


It is shown that for a positron in a free elec- 
tron gas, radiationless capture, to form posi- 





ns 





VoLUME 2, NUMBER 10 


PHYSICAL REVIEW LETTERS 


May 15, 1959 








tronium, is very likely prior to annihilation. 


* present address: Department of Mathematical 
Physics, University of Birmingham, Birmingham, 
England. 


DIFFUSION, DE-EXCITATION, AND THREE- 
BODY COLLISION COEFFICIENTS FOR EXCITED 
NEON ATOMS. A. V. Phelps, Westinghouse Re- 
search Laboratories, Pittsburgh, Pennsylvania 
(Received December 31, 1958). 


Diffusion coefficients, de-excitation cross sec- 
tions, and three-body collision coefficients for 
neon atoms of the 1s*2s*2p°3s configuration are 
obtained from optical absorption measurements 
of relative decay rates and relative densities of 
excited atoms following a pulsed discharge. Atoms 
in the lower metastable (P,) and lower radiating 
(P,) states are destroyed by diffusion to the wall, 
three-body collisions involving two ground-state 
atoms, and the escape of imprisoned resonance 
radiation. The diffusion coefficient at unit neon 
density and 300°K for the metastable states is 
§.5x10'°cm“* sec. The rate of escape of res- 
onance radiation agrees with the predictions of 
Holstein’s theory. At 300°K the average cross 
section for collisional de-excitation of *P, atoms 
to the °P, state is 5x10-'* cm* and is about 6x10-*° 
cm’ for the *P, to *P, and *P, to *P, transitions. 

The cross section for the *P, to *P, de-excitation 
increases by an order of magnitude between 200°K 
and 500°K and is three times larger for de-exci- 
tation by helium than by neon at 300°K. The three- 
body collision coefficient for the *P, state is 
5x10“ cm®/sec at 300°K and 5x10-** cm®/sec 
at77°K. Estimates of average cross section for 
de-excitation by thermal electrons give 10-** cm? 
for the *P, to *P, process and 10°** cm? for the 

‘P, to °P, transition. 


SLOW ELECTRON SCATTERING BY ATOMIC 
OXYGEN. S. C. Lin and B. Kivel, AVCO Re- 
search Laboratory, Everett, Massachusetts 
Received December 22, 1958). 


The collision cross section of slow electrons 
in atomic oxygen has been deduced from simul- 
taneous measurements of the dc conductivity and 
the microwave absorption coefficient of a pre- 
dominantly atomic oxygen gas mixture in a shock 
tube. The results showed that the Maxwell-aver- 


aged cross section attributable to atomic oxygen 
must be about 1.5x10~"* cm? at an electron tem- 
perature of 4000°K (mean thermal energy ~0.5 
ev). Elaborating on the theoretical method of 
Klein and Brueckner, we find that this value is 
not inconsistent with the photodetachment cross 
section of negative oxygen ions measured by 
Branscomb and co-workers. 


DIRECT RADIATIVE CAPTURE OF PROTONS 
BY O** AND Ne”. Neil Tanner,* Kellogg Radia- 
tion Laboratory, California Institute of Technol- 
ogy, and Mount Wilson and Palomar Observato- 
ries, Carnegie Institute of Washington, Califor- 
nia Institute of Technology, Pasadena, Califor- 
nia (Received December 22, 1958). 


A study has been made of the O'*(p, y)F’” and 
Ne”°(p, y)Na*™ reactions by counting the positron 
activities of F’’ and Na”! following proton bom- 
bardment of oxygen and neon targets. The O'*(p, 
y)F"" cross section was measured at a proton 
bombarding energy of 616 kev to be 0.29+0.03 
ub, and the Ne*°(p, y)Na™ cross section was 
measured at 1100 kev to be 1.3+0.7 ub. These 
cross sections are consistent with the reaction 
process in each case being one of direct radia- 
tive capture. In addition, the energy dependence 
of the O'*(p, y)F"” cross section from 275 kev to 
616 kev was also consistent with the direct cap- 
ture hypothesis. 

Both of these reactions are believed to be im- 
portant at the thermal energies effective in stars. 
For such energies the cross-section parameter 
S, was estimated to be §,=5+1 kev-barns for 
O**(p, y)F* and S,~ 80 kev-barns for Ne”°(p, y)Na** 


x 
Now at The Clarendon Laboratory, Oxford, England. 


DETERMINATION OF NUCLEAR REACTION 
MECHANISMS FROM ENERGY SPECTRA OF 
EMITTED PARTICLES. Bernard L. Cohen* and 
Allen G. Rubin, ! Oak Ridge National Laboratory, 
Oak Ridge, Tennessee (Received December 29, 
1958). 


Energy spectra of deuterons and tritons from 
(p,d) and (p,t) reactions are found to be peaked 
near their maximum energy, in contrast to the 
spectra of protons from (d,p) and (He*,p) reactions 
which are peaked at low energy. It is shown that 
this characteristic of inverse reactions is to be 
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expected from “stripping” and “pickup” reactions 
as a consequence of the fact that the former ex- 
cite “particle” states while the latter excite “hole” 
states, but that it is not expected from collision- 
type reaction mechanisms (e.g., “knock-out”). 

It is thus concluded that (¢,p) and (p,¢) reactions 
as well as (d,p) and (p,d) reactions proceed by 
“stripping” and “pickup.” The shape of energy 
spectra from (p,a@) and (a,p) reactions indicates 
that the non-compound-nucleus portion of these 
also goes by “pickup” and “stripping”; there is 
corroboratory evidence for this from absolute 
cross sections. 


*Now at University of Pittsburgh, Pittsburgh, Penn- 
a 
Now at Williams Development Company, West Con- 
cord, Massachusetts. 


LOWER EXCITED STATES OF Ca®. H. Morinaga, 
N. Mutsuro, and Masumi Sugawara, Department 
of Physics, Tohoku University, Sendai, Japan 
(Received December 31, 1959). 


Weak gamma rays in the decay of K® were in- 
vestigated in order to give spin-parity assign- 
ments for the low-lying excited states of Ca*. 
The second excited state was found to be a 0* 
state from directional correlation measurements 
and the third excited state has low spin value, 
probably 2*. Except for these two states, the 
level sequence seems to be very much like that 
of Ti® which has a similar configuration of two 
Ff vq nucleons outside of a doubly magic core. 


CROSS SECTIONS FOR THE Li’"(n,y)Li® REAC- 
TIONS. W. L. Imhof, R. G. Johnson, F. J. 
Vaughn, and M. Walt, Lockheed Missile Systems 
Research Laboratory, Palo Alto, California (Re- 
ceived December 22, 1958). 


The neutron radiative capture cross section of 
Li’ was measured for neutron energies between 
40 and 1000 kev and at thermal energy. The re- 
action was detected by observing the beta decay 
of Li® in a natural Lil crystal exposed to a flux 
of monoenergetic neutrons. The cross sections 
for the Li’(n,7)Li® reaction were obtained rela- 
tive to the known cross sections for the Li®(n, 
t)He* and the I??"(n,7)F'** reactions which also 
took place in the crystal. The Li’(n,y) cross sec- 
tion decreases from a value of 50 x10~ barn at 
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40 kev to 5x10~ barn at 1000 kev. A maximum 
in the cross section was found at 250 kev, cor- 
responding to a known level in Li® at 2.28 Mev, 
The observed radiation width of this level was 
0.07+0.03 ev. 


ELASTIC SCATTERING OF DEUTERONS FROM 
Mg, Al, Ti, V, Cr, Co, Ni, AND Cu. I. Slaus* 
and W. Parker Alford, Department of Physics 
and Astronomy, University of Rochester, 
Rochester, New York (Received December 22, 
1958). 


Angular distributions of deuterons elastically 
scattered from Mg, Al, Ti, V, Cr, Co, Ni, and 
Cu have been measured at laboratory energies 
of 3.32 and 4.07 Mev. The measured cross sec- 
tions show a smooth decrease below the Ruther- 
ford cross section for scattering angles greater 
than some critical angle which increases with 
increasing A and decreasing deuteron energy. 
Cross sections calculated with an optical model 
show satisfactory agreement with the measure- 
ments. The dominant feature of the model is the 
large imaginary part of the potential, implying 
strong absorption of deuterons interacting with 
the nucleus. From the measurements, however, 
it does not appear possible to identify the reac- 
tion mechanism giving rise to this absorption. 


“on leave from “Institut R. Boskovic,” Zagreb, 
Yugoslavia. 


COLLECTIVE AND INTERPARTICLE INTER- 
ACTIONS IN EVEN-EVEN NUCLEI. B. James 
Raz," Argonne National Laboratory, Lemont, 
Illinois (Received August 14, 1957; revised man- 
uscript received January 22, 1959). 


A calculation using two equivalent f,,. particles 
and adding surface effects to the two-body inter- 
action is reported on. The effects of increasing 
the strength of (a) the surface interaction, and 
(b) the two-particle interaction, are computed. 
The qualitative regularities observed in even- 
even nuclei in the so-called vibrational region are 
obtained and the agreement is somewhat better 
than that with the pure vibrational model. In con- 
trast to earlier calculations, these results can 
give a spin of 2* for the second excited state, a8 
often observed. The calculated ratio of B(E2; 2’~!) 
to B(E2; 2~0) is less than 1.0. The appropriate 





’ 


New 


The 
elemé 
scrib 
It is § 
can d 
for th 
been | 
that a 
highe: 


y°TRu 
STAT: 
Istitut 
and Is 
tori di 
ceivec 


It is 
symm 
connet 
corres 
streng 
always 
M1 tre 
more | 
lAT | = 
of any 

The 
rectio. 
experi 
cussed 


STUDY 
B”(He' 
Broml 
Lither| 


959 


*= 


= 


t= 
oo 
T 


y| 


he 


f, 


on- 


as 
2a! 





VoLUME 2, NUMBER 10 


PHYSICAL REVIEW LETTERS 


May 15, 1959 





values of the deformation parameter x are less 
than 1.0. 


*present address: Department of Physics, Carleton 
College, Northfield, Minnesota. 


FORMULAS FOR ALLOWED BETA DECAY. 
Masato Morita, Columbia University, New York, 
New York (Received December 17, 1958). 


The corrections due to the relativistic matrix 
elements are given for the various formulas de- 
scribing all phenomena of the allowed beta decay. 
Itis shown that, without explicit calculation, one 
can derive these corrections from the formulas 
for the first forbidden transitions, which have 
been published in many papers. It is suggested 
that a generalization of the present work to the 
higher forbidden transitions can be made. 


y-TRANSITIONS BETWEEN CORRESPONDING 
STATES IN MIRROR NUCLEI. G. Morpurgo, 
Istituto di Fisica dell’Universita, Parma, Italy, 
and Istituto Nazionale di Fisica Nucleare—Labora- 
tori di Frascati, Frascati (Roma), Italy (Re- 
ceived December 22, 1958). 


It is shown that charge independence or charge 
symmetry gives rise to the following relations 
connecting the strengths of y-transitions between 
corresponding states in mirror nuclei: (a) the 
strengths of corresponding £1 transitions are 
always equal; (b) the strengths of corresponding 
M1 transitions should not differ in general by 
more than a factor 1.5; (c) for transitions with 
|sT|=1 the strengths of corresponding transitions 
of any multipolarity are equal. 

The effects of the Coulomb and exchange cor- 
rections to the above rules are examined. The 
experimental data presently available are dis- 
cussed. 


STUDY OF SOME LEVELS OF C”™ USING THE 
BY(He®,p)C!2* REACTIONS. E. Almgvist, D. A. 
Bromley, A. J. Ferguson, H. E. Gove, and A. E. 
Litherland, Atomic Energy of Canada Limited, 
Chalk River, Ontario, Canada (Received Decem- 
ber 22, 1958). 


Studies of the B'°(He*, p)C* reaction using 2- 
Mev He* ions showed proton groups correspond- 
ing to levels in C” at 0, 4.43, 7.65, 9.60, 10.76, 


11.82, 12.78, 13.37, 14.03, 15.10, 16.10, and 
16.64 Mev+0.10 Mev. The ratio l:T was meas- 
ured to be 0.75 (+0.20) for the 15.1-Mev state 

and 0.02 (+0.01) for the 12.78-Mev state. No oth- 
er alpha-unstable level had a measurable I, :T; 
for the 7.65-Mev state a limit 0.01 is set on this 
ratio. The gamma-ray de-excitation of the 15.1- 
Mev state is both to the ground state (97%) and to 
the 4.43-Mev state (3.1+0.6%). Only a ground- 
state transition was observed from the 12.78-Mev 
level. These measurements support assignments 
J, 7, T of 1, +, 1 to the 15.1-Mev level and 1, +, 0 
to the 12.78-Mev state. The known properties of 
C™ are in fair agreement with the intermediate- 
coupling shell model calculations of Kurath. The 
reactions C(He*, ay)C'? (15.1 Mev) and B’°(He°, 
d)C™ to the ground state and first excited state 

of C™ were observed. 


PHOTONUCLEAR CROSS SECTIONS FOR A“*. 
A. S. Penfold and E. L. Garwin, Enrico Fermi 
Institute for Nuclear Studies, University of Chi- 
cago, Chicago, Illinois (Received December 29, 
1958). 


The (y,~), (vy, mp), (y,m), and (y,2n) cross sec- 
tions for A*° are presented. The (y,p) cross sec- 
tion peaks at 23.5 Mev while the (y,m) cross sec- 
tion peaks at 16.5 Mev and the (y, 2) peaks at 
20 Mev. The (y,mp) cross section peaks at 27.5 
Mev. The total absorption cross section for A® 
has a peak height of 86 mb at 23.5 Mev and a full 
width at half maximum of 10.3 Mev. The integrated 
total cross section is 470 + 70 mb Mev to 23 Mev, 
and 900 + 180 mb Mev to 40 Mev. The shapes of 
these cross sections are discussed and a need 
for further investigation of energy and angular 
distributions of photoprotons from argon is in- 
dicated. 


STUDY OF THE K-CAPTURE-POSITRON RATIO 
OF THE TRANSITION [”¢ (2-) ~ Te?”® (2+). D.S. 
Harmer” and M. L. Perlman, Chemistry Depart- 
ment, Brookhaven National Laboratory, Upton, 
New York (Received December 19, 1958). 


The relative probabilities of K-electron capture 
and of positron emission have been measured for 
the transition of I'*° (2-) to the first excited state 
of Te’** (2+). Direct measurement by a triple- 
coincidence method of the K/* ratio gave the 
value 145+4. The energy of the positron transi- 
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tion to the ground state (2--—0+) was found to be 
1.129+0.005 Mev. The energy of the inner posi- 
tron transition was determined to be 0.459 + 0.007 
Mev by subtraction of the measured energy of the 
first-excited state of Te’**, 0.670 + 0.005 Mev, 
from the ground-state-transition energy. The 
K/8* ratio of the 2-— 2+ transition and the ratios 
for analogous transitions occurring in As™ and 
Rb™ are compared with ratios computed from a 
model based on shell considerations. Measure- 
ments were made also of the two higher energy 
positron spectra of I’; the end-point energies 
were found to be 2.136+0.010 Mev and 1.53 +0.02 
Mev. 


“Present address: Engineering Experiment Station, 
Georgia Institute of Technology, Atlanta, Georgia. 


PHOTONUCLEAR REACTION ENERGIES. A. S. 
Penfold and E. L. Garwin, Enrico Fermi Institute 
for Nuclear Studies, University of Chicago, Chi- 
cago, Illinois (Received December 15, 1958). 


The general problem of determining photonuclear 
reaction energies in the region below 25 Mev is 
discussed, and the need for absolute calibration 
of betatron energy scales is demonstrated. A 
system for accomplishing such a calibration is 
briefly described and the results of some meas- 
urements made with it are given. The Cu™(y,)Cu™ 
threshold was observed to be at 10.76 + 0.03 Mev, 
and two well-defined “breaks” in the O'*(y,)O** 
yield curve are at 16.20 + 0.04 and 17.26 + 0.04 Mev. 
These “breaks” lead to the assignment of energy 
levels in O** which are in excellent agreement 
with those observed in the N*5(p,)O** reaction. 


LONGITUDINAL POLARIZATION OF POSITRONS 
FROM THE DECAY OF O**, J. B. Gerhart, F. H. 
Schmidt, H. Bichsel, and J. C. Hopkins, Depart- 
ment of Physics, University of Washington, Seattle, 
Washington (Received December 19, 1958). 


The longitudinal polarization of 1.2-Mev posi- 
trons from the well-known 0+ ~ 0+ transition of 
72-second O** has been measured. Positrons, 
selected by a magnetic spectrometer, were al- 
lowed to annihilate in a plastic scintillator. Anni- 
hilation-in-flight photons were analyzed for cir- 
cular polarization by Compton scattering from 
magnetized iron. The positrons were found to 
have right-handed longitudinal polarization 
(+0.73 +0.17)v/c. 
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LIFETIME OF THE 0.119-Mev STATE OF THE 
N’* NUCLEUS. W. Zimmermann, Jr., Kellogg 
Radiation Laboratory, California Institute of 
Technology, Pasadena, California (Received 
December 1, 1958). 


The mean life of the 0.119-Mev state of N"* has 
been measured and is found to be 7.83(1+0.04) 
x10 second. This state was produced by means 
of the N**(d,p)N** reaction with deuterons having 
a laboratory energy of 1.76 Mev. The experimen 
involved periodically directing the deuteron beam 
onto and then away from the target. The lifetime 
was determined by measuring the decay rate of 
the 0.119-Mev y-ray activity during the periods 
when the beam was off the target. 


ENERGY LEVELS OF B® AND O*. B. Povh,* 

Kellogg Radiation Laboratory, California Insti- 
tute of Technology, Pasadena, California (Re- 
ceived December 22, 1958). 


Energy levels of B® have been investigated by 
the B’°(He*, a)B® reaction. Alpha-particle groups 
leading to the ground, 2.37-Mev, and 2.83-Mevy 
states of B® have been found. There is no evi- 
dence for any well-defined state between the 
ground state and 2.37-Mev state of B®. The 
O'*(He*, a)O”* reaction has been studied in the 
neighborhood of 5-Mev excitation in O** and ex- 
cited states have been found at energies of 5.247 
and 5.195 Mev in O*°. 


“On leave from The “J. Stefan” Institute, Ljubljana, 
Yugoslavia. 


UNNATURAL PARITY STATES IN O*. IL. D.A. 
Bromley, H. E. Gove, J. A. Kuehner, A. E. 
Litherland, and E. Almqvist, Chalk River Labor- 
atories, Atomic Energy of Canada Limited, Chak 
River, Ontario, Canada (Received December 15, 
1958). 


A detailed study of the de-excitation of gamma 
emitting states in O"* at 8.87, 10.94, and 11.06 
Mev has been carried out using the N**(He*,py)0" 
reaction. Branching ratios and angular distribu- 
tion measurements on both proton groups and 
gamma radiations strongly suggest assignments 
2°, 0°, and 3*, respectively, although in the 
latter case the 2° possibility is not excluded. 
The experimental results are compared with pre- 
dictions of the alpha-particle and intermediate- 
coupling shell models. While considerable areas 
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of agreement exist, serious discrepancies re- 
main in both cases. The identification of the 0°, 
10.94-Mev state precludes Dennison’s preferred 
“dentification (a)” in the alpha-particle model 

and fixes the exchange mixture in the shell model 
calculations; the O** mixture closely resembles 
aSerber rather than the Rosenfeld mixture com- 
monly in use in these shell model calculations. 
From the measured de-excitation branching ratio 
f. [Ty for the 10.94-Mev state and the system- 
atics of gamma-radiation and alpha-particle tran- 
sition widths, an upper limit of ~2x10~° is ob- 
tained for the relative intensity of an opposite- 
parity component in the wave function of this 

state. 


UNNATURAL PARITY STATES IN O**. I. J. A. 
Kuehner, A. E. Litherland, E. Almqvist, D. A. 
Bromley, and H. E. Gove, Chalk River Labora- 
tories, Atomic Energy of Canada Limited, Chalk 
River, Ontario, Canada (Received December 15, 
1958). 


Measurements on both proton and gamma angu- 
lar distributions and on proton-gamma angular 
correlations from the N**(He*, py7)O"* reaction 
suggest that for an incident energy of 2.1 Mev 
and target thicknesses corresponding to between 
200 and 350 kev for these He® ions, the excited 
states of O** are formed with equally populated 
magnetic substates. A number of gamma-gamma 
angular correlations have been studied from this 
reaction; these support the hypothesis of equal 
substate populations for the 8.87-, 10.94-, and 
11.06-Mev states. On this hypothesis, the quad- 
tuple angular correlations studied reduce to ef- 
fective double gamma-gamma correlations which 
are amenable to much simpler analysis. Using 
this hypothesis, gamma-gamma angular corre- 
lation data have been used in conjunction with 
the data on the relative gamma-ray de-excitation 
probabilities of the excited states of O** to fix 
the spins and parities of the levels at 8.87, 10.94, 
and 11.06 Mev as 2°, 0°, and 3*, respectively. 
Inaddition the multipole amplitude ratios have 
been obtained for a number of the transitions 
involved in the calculations; these are used to 
calculate M1 inhibition factors expected for AT =0 
transitions in self-conjugate nuclei, and these in 
turn are compared with the theoretical estimates 
or this inhibition. Where intermediate -coupling 
shell model predictions are available for the 


multipole mixtures they are also compared with 
the experimental results; an anomalously low 
value of the depth of the central potential used in 
these calculations is required for agreement. 


HYPERON-NUCLEON SCATTERING AND RE- 
ACTION CROSS SECTIONS. Fabio Ferrari, Ra- 
diation Laboratory, Berkeley, California, and 
Luciano Fonda, Indiana University , Bloomington, 
Indiana (Received December 15, 1958). 


The hyperon-nucleon cross sections are ana- 
lyzed on the basis of symmetries among the pion- 
baryon interactions. It is shown that the assump- 
tion of equality for the (AD) and (ZDz) coupling 
constants leads to some inequalities between the 
different hyperon-nucleon scattering and reaction 
cross sections which can be verified experimen- 
tally. On the hypothesis of global symmetry for 
the pion-baryon interactions, the £*+-proton scat- 
tering is discussed by choosing for the nucleon- 
nucleon potential that of Gammel and Thaler. 


DECAY OF THE CASCADE PARTICLES. W. B. 
Teutsch, Tufts University, Medford, Massachu- 
setts, S. Okubo, University of Rochester, Roch- 
ester, New York, and E. C. G. Sudarshan, Har- 
vard University, Cambridge, Massachusetts 
(Received December 16, 1958). 


A phenomenological investigation of the decay 
of the cascade particles is presented. Several 
possible correlation measurements, which ex- 
ploit the large asymmetry in A°-decay as an an- 
alyzer of =, are suggested. One of these exper- 
iments does not require polarized =’s. The re- 
lation to the theory of universal weak interac- 
tions is briefly discussed. 


MASS-550 PARTICLE. M. Conversi, G. M. de 
Munari, A. Egidi, E. Fiorini, S. Ratti, C. Rub- 
bia, C. Succi, and G. Torelli, Istituti di Fisica 
delle Universita di Milano e di Pisa, Sezioni di 
Milano e di Pisa dell’ Istituto Nazionale di Fisica 
Nucleare (Received December 23, 1958). 


At an altitude of 2550 m a search has been 
carried out for the mass-550 particles which at 
the Moscow International Conference in May, 1956 
were reported to exist with an abundance of 0.5% 
relative to muons of the same range. 
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Preliminary evidence against this datum is now 
reinforced by the results of a new series of 
measurements in which particles heavier than 
pions but lighter than protons are selected by 
means of two Cerenkov counters. The mass of 
each selected particle is derived from measure- 
ments of energy loss in a proportional scintilla- 
tor and range in a large multiplate cloud cham- 
ber. The latter alone yields substantial informa- 
tion on the nature of the stopping particles. 

No example of a mass-550 particle has been 
found out of the 25 expected on the basis of the 
reported abundance. 


=~-=° MASS DIFFERENCE. J. J. Sakurai,* 
Institute for Advanced Study, Princeton, New 
Jersey (Received December 29, 1958). 


The electromagnetic self-energies of =~ and 
= are discussed with reference to symmetry 
models of strong interactions. 


“on leave of absence from the University of Chicago, 
Chicago, Illinois. 


UP-DOWN ASYMMETRIES OF = AND A DECAYS. 


B. d’Espagnat and J. Prentki, CERN, Geneva, 
Switzerland (Received December 29, 1958). 


Starting from a phenomenological analysis of 
the © decays, an extension is made to A (and =) 
decays using global symmetry (and M space). 
The relative values and signs of the asymmetry 
parameters are predicted. 


FACTOR SEQUENCES IN QUANTIZED GENER- 
AL RELATIVITY. James L. Anderson, Depart- 
ment of Physics, Stevens Institute of Technology, 
Hoboken, New Jersey (Received December 22, 
1958). 


The problem of the order of factors in the con- 
straint equations of general relativity has been 
investigated. Although the constraints plus the 
Hamiltonian form a factor group in the non- 
quantized version of the theory, it does not fol- 
low directly that they will do so in the quantized 
version. The difficulty lies in the fact that the 
commutator of two expressions depends upon 
the order of factors chosen for them. We have 
explicitly exhibited a class of factor sequences 
for the constraints such that they do indeed 
form a factor group. 
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CHARGE RADIUS OF PION. Riazuddin, Depart. 
ment of Mathematics, Imperial College of Scien, 
and Technology, London, England (Received 
October 27, 1958; revised manuscript received 
January 26, 1959). 


Using a dispersion relation for Compton scatter. 
ing of virtual photons on pions, the charge radiys 
of the pion is analyzed in terms of the 1* -1° mag; 
difference. It is found to be of the order of mag. 
nitude (0.46-0.56) x 1075 cm. 


DISPERSION RELATIONS FOR p-n SCATTERING, 
J. Hamilton,* Brookhaven National Laboratory, 
Upton, New York, and Laboratory of Nuclear 
Studies, Cornell University, Ithaca, New York 
(Received December 31, 1958). 


The application of dispersion relations to low- 
energy p-n scattering is examined. It is shown 
that Khuri’s dispersion relation can be extended 
to include tensor forces, but serious difficulties 
appear on attempting to include exchange forces. 
The application of the relativistic field theory 
dispersion relations to low-energy scattering is 
made by using the effective-range formula. The 
spurious poles of the S-matrix are related to the 
two- and three-pion terms in the unphysical re- 
gion contribution for forward scattering. 


* Permanent address: Christ’s College, Cambridge, 
England. 


SPACE-TIME PROPERTIES AND INTERNAL 
SYMMETRIES OF STRONG INTERACTIONS. 
Gerald Feinberg, Brookhaven National Labora- 
tory, Upton, New York, and Feza Giirsey, Insti- 
tute for Advanced Study, Princeton, New Jersey 
(Received December 23, 1958). 


Theorems relating the separate conservation 
of C and P in pion-nucleon interactions to CP 
invariance, the form of the interaction, and the 
existence of a charge symmetry operation are 
generalized to other strong interactions. It is 
shown that the minimal conditions for the deriva- 
tion of such results are the existence of a double 
structure for baryons and invariance under cer- 
tain transpositions of the baryons that may be 
interpreted as generalized charge symmetries 
relating the different doublets and be represented 











by reflection operations in an internal four-dimet 
sional space. If charge independence is also valid 















VoLUME 2, NUMBER 10 
PHYSICAL REVIEW LETTERS 
May 15, 1959 





— 


y symmetrical Yukawa c 
ouplings ar 
ie The problem of the di e obtained. invarian 
sagree ce und 
if such symmetric pr eos oe CP. Various posheBoncren from invariance under 
of additional quadrilinear interactio yzedinterms given. The possible such interactions are 
symmetries which also possess the ns with lower mate symmetry prin = ee of the approxi- 
property that inte ciples considered 
ractions is briefl Gee 
y indicated. 


isti- 
sey 


on 


the 


riva- 
ublet 
cer 


es 
ented 
dimen- 
y valid, 





447 





